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PREFACE. 


THE title of this book might well have been “ Spectroscopy 
of the Schumann Region,” for it deals with that end of the 
ultra-violet spectrum where the absorption of air plays the 
determining réle. The present title has been chosen, how- 
ever, because a more extended field is necessary in order to 
trace the beginnings of those phenomena which become pro- 
nounced as the region beyond wave-length 2000 is explored. 
Thus, the absorption of the air begins to manifest itself in the 
ordinary ultra-violet, though it only becomes critical near 
wave-length 2000, and the absorption of many solids, usually 
considered transparent in the ultra-violet, begins to suffer a 
modification even before the region of shortest wave-lengths 
is reached. The book is, therefore, divided into two parts. 
The first and shorter portion deals with that part of the 
spectrum lying between wave-length 4000 and 2000; this is 
the region usually referred to as the ultra-violet, The second 
and longer portion treats of the spectrum on the more refrang- 
ible side of wave-length 2000; this is the extreme ultra-violet 
or Schumann region. 

Some apology is due for a book whose scope is so 
limited. This apology must rest on the great importance 
which photo-electric, photo-chemical, and photo-abiotic pro- 
cesses have recently assumed. These effects may be observed 
in the ordinary portion of the spectrum, but they become 
much more pronounced in the Schumann region. For this 
reason, a knowledge of spectroscopic data, which facilitate 
the study of these phenomena in the extreme ultra-violet, 
may be considered of interest to the general scientific public. 
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PART E- 
INTRODUCTION. 


THE violet limit of the solar spectrum observed with prisms 
and lenses of glass appears, to the normal eye, near the 
Frauenhofer H lines; that is to say, in the region of wave- 
length 4000, if the figure is expressed in Angstrom units. 


Early in the history of spectroscopy, however, Ritter * showed 


by experiments with silver chloride that sunlight contained 
chemically active rays in the region beyond the violet, and 
Young? proved that these rays were of a shorter wave-length 
than those commonly observed with the eye. In 1842 
Becquerel * made a definite advance by employing a Daguerre- 
otype plate to record the spectrum produced by a glass 
prism. He succeeded in obtaining pictures showing an in- 
crease in the length of the solar spectrum to the neighbour- 
hood of a line which he called /, that is, to a wave-length of 
about » 3400, At the same period, J. W. Draper * also photo- 
graphed the solar spectrum, employing a plane gratirig ruled 


‘on glass, in the place of the prism. The greatest stride in 


the region of the ultra-violet was made by Stokes,’ who, by 
using proper precautions, was able to follow the sun’s spectrum 
to the line p with the eye, a result subsequently confirmed by 
Helmholtz.6 His most striking result was due, however, 
to the introduction of three new methods of observation. ‘He 
substituted a fluorescent screen for the Daguerreotype plate, 
he replaced glass lenses and prisms by a system of quartz, 
and he used the light from an electric spark instead of the 
sun as a source, It seems probable that he observed the 
strong line in the aluminum spark spectrum near wave-length 


2 Ibid., 1, p. 36. 
4Ibid., I, p. 39. 


1 Kayser’s ‘“‘ Handbuch,” I, pp. 7 and 36. — 
3 Ibid., I, p. 38. 


5 ¢¢ Collected Papers,” III, p. 401. 6 Kayser’s ‘‘ Handbuch,” I, p. 71. 
: ! 
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1850. This limit has only been surpassed in recent years. 
His papers are of such importance that the reader cannot 
do better than to consult them in the original.’ 

The work of Miller? was contemporaneous with that of 
Stokes. He employed a photographic plate in place of the 
fluorescent screen, and, though his observations do not appear 
to extend to the farthest limit, yet his work is of interest since 
he noticed the transparency of water, quartz, and fluorite in 
the ultra-violet, and observed the transmission band of silver 
which has recently been so ingeniously employed by Wood. 

From the year 1870 to the year 1890 there was no great 
advance in the knowledge of the spectrum on the more re- 
frangible side of the limit set by Stokes, but during this period 
great strides were made in the spectroscopy of the ordinary 
ultra-violet. The subject of wave-length measurements early 
attracted attention. Even before the time of Frauenhofer, 
Young ° made determinations of this character, but it was not 
until nearly fifty years later that Esselbach* measured the 
wave-length of some of the Frauenhofer lines by means of 
Talbot's bands. The first systematic work in this field was 
done by Mascart° in 1863, while the beginning of the classic 
research of Angstrém® dates from about a year later. The 
invention by Rowland ’ of the concave grating in 1882 enabled 
him to construct a map of the solar spectrum which surpassed 
in accuracy anything which had been previously produced 
and which yielded important standards of wave-length. 

The attention which the ultra-violet received was largely 
due to the fact that the terrestrial sources of light, such 
as the arc and spark discharge, are particularly rich in 
radiations of a quality more refrangible than those which 
affect the human eye. It has resulted, from the activity in 
this field, that the spectra of the elements between wave-length 
4000 and 2000 have been very carefully studied and the posi- 
tion of their lines has been accurately determined. 

The limited character of the solar spectrum as compared 


1“ Collected Works,” III, p. 267, and IV, p. 203. 
2 Kayser’s ‘‘ Handbuch,”’’ I, p. 103. 3 Ebid.,\;-ps 7: 
$ibrd., 1, py 7.) ? Lordat, p. 109, : 9 1bid,, 1, patio. — Slbidal, op, 121, 
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with the spectra obtained from various terrestrial sources early 
attracted attention. The cause of the phenomenon was studied 
by Crookes,! by Piazzi Smith,? and finally by Cornu.’ They 
attributed the limit of the solar spectrum to the absorption of 
the earth’s atmosphere. This result was not only important 
in itself but it also was the indirect means of setting on foot 
work in the extreme ultra-violet. For Schumann * having 
substituted fluorite for quartz, and having perfected a special 
kind of photographic plate, was stimulated by the researches of 
Cornu to construct his vacuum spectroscope. It was with this 
instrument that he discovered the region which bears his name. 

It is to this region that the greater part of this work is 
dedicated. 

In looking back over the foregoing paragraphs, it is at once 
obvious that the factors which have controlled our knowledge 
of the ultra-violet end of the spectrum are, first, the absorption 
of solids; second, the means by which the refracted light was 
detected ; third, the character of the source, and fourth, the 
absorption of the constituents of the air, By way of intro- 
duction to the Schumann region, therefore, it will be well to 
pay special attention to the behaviour of these agents in the 
ultra-violet. 

The classic works on spectroscopy require at the outset a 
detailed account of apparatus, but in the limited scope of the 
present volume it will be necessary to confine ourselves to 
those instruments which are not described elsewhere. Thus, 
as prism and grating spectroscopes are fully treated in many 
places as far as the ordinary ultra-violet is concerned, notably 
in Kayser’s “‘Handbuch” and Baly’s “Spectroscopy,” it will 
not be necessary to mention them until the Schumann region 
is reached. On the other hand, since instruments for the 
comparison of the energy given by two sources of light in the 
ultra-violet are not quite so familiar to the scientific reader, 
and since the principles involved in them often permit their 
use in the extreme ultra-violet, we shall begin by some de- 
scription of them. 


1 Kayser’s ‘* Handbuch,” I, p. 45. ATO. a Die 50- 


2 bid.y lapse ELT, Sbid:, 1; p. 126: 
% 
I 











CHARTER I: 
PHOTOMETERS. 
THE PHOTOGRAPHIC PLATE. 


THE function of all spectro-photometers may be divided into 
two distinct parts: the first consists in analysing the light from 
the sources into juxta-posed spectra, the second is concerned 
with the comparison of the relative intensity of the spectra 
so formed.! Spectro-photometers which are to be used in the 
ultra-violet must be provided with a dispersive system, 


especially adapted to the region, and with a mechanism for 


comparing intensities of the required sensibility. 

The comparison of intensity may be carried out by one of 
three methods. First, by the use of a photographic plate ; 
second, by the photo-electric cell, and third, by measuring the 
heat energy with a bolometer, a radiometer, or a thermo- 
junction, | 

When the dry plate is employed, the relation which con- 


nects the density of image with the intensity of the light and 


the time of exposure, is obviously of great importance. If 1, 
is the intensity of the light which falls on the plate and i, the 
intensity of the light which leaves it, the opacity is defined as 
+ and the density or blackening is the logarithm of this 
2 


quantity. So that if S is the density, S = log 2, The con- 
; : 


nexion between the intensity of the light and the time of ex- 
posure has been written by Schwarzschild. It” = constant 
where f# is a constant, or very nearly a constant for normal 
illumination, Stark* has proposed the form 5S = log (AI"?). 


1 Kayser’s ‘‘ Handbuch,” III, p. 45. 
2. Geiger, ‘Ann. d. Phy.,’’ 37, p.'68,:1912,- 


4 


ee a 
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An excellent example of the simplest manner in which 
photographic plates may be employed in photometric measure- 
ments is afforded by the recent work of Fabry and Buisson? 
on the absorption of ozone. What follows is quoted almost 
word for word from the original article. 

The only correct method of using photography is to 
attempt to produce two images of equal density on the same 
plate and with the same time of exposure. One of these 
images is produced by the light which has traversed the ab- 
sorbing body under examination, the other is produced by 
light which has not suffered absorption but has been decreased 
in intensity in a known ratio. This ratio measures the amount 
of light transmitted by the body under examination. 

In a particular case, which will serve as an illustration, the 
slit of the spectroscope was I mm. long and o'5 mm. wide, 
thus the image of each ray in the spectrum of the mercury 
lamp, which served as a source, was represented by a small 
rectangle on the photographic plate. A single exposure with 
the absorbing medium in the light path was made on the 
same plate with numerous others without absorption but with 
successive decreasements of intensity, the time of exposure 
being the same in all cases. The weakening of the light was 
brought about by suitable rectangular diaphragms applied to 
the exit surface of the last prism of the spectroscope. 

After the plate was developed, the opacity of each of 
the images for a given ray in the spectrum was measured by 
a microphotometer. This instrument was especially designed 
to examine small areas on a photographic plate.? The measure- 
ment was made by comparing the opacity of the image under 
examination with that of a calibrated wedge of glass. As one 
cannot hope that the image obtained through the absorbing 
medium will be found identical with one of the images obtained 
when the light has suffered a known weakening, it is necessary 
to seek by interpolation for the size which the diaphragm 
should have had in order to realize this equality. It is found 
that, if the logarithm of the intensity of the light which acts 


1 Journal d. Physique,” III, p. 196, 1913. 
2 Fabry and Buisson, ‘‘ Comptes Rendus,” 156, p. 389, 1913. 
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on the plate is plotted as abscissa (or the logarithm of the 
breadth of the diaphragm, which comes to the same thing) and 
the corresponding densities as ordinates, a straight line will 
result. By means of this straight line the necessary interpola- 
tio may be accurately carried out. Thus, it is possible to 
calculate what diaphragm should have been employed in order 
to secure an exact identity of photographic action. The net 
result of the process is to give the ratio of the intensities of the 
light after the beam has passed through the absorbing medium, 
to the intensity before it suffered absorption. The only as- 
sumption involved is that, if the time of exposure is kept con- 
stant, equal intensities produce equal effects, 

Simon?* has invented a spectro-photometer based on the 
same principles. In this instrument, the intensity of the light 
which has not suffered absorption is decreased in a continuous 
manner, while at the same time the photographic plate is 
moved in such a way as to receive an impression of correspond- 
ingly decreasing intensity. Recently the apparatus has been 
improved by Difregger.? 

Henri and Wurmser ® have carried on spectro- -phetometric 
measurements by a method of equal densities. Here the time 
of exposure is varied until the density of the image produced 


by the direct beam is equal to that resulting from the light — 


which has suffered absorption. The procedure involves a defin- 

ite form of Schwarzschild’s rule, namely, that S = log £12’, 
Lae 

ae 

lation which, though not rigorously exact, is probably suffic- 

iently accurate. In this method, as in the previous one, all 

the observations are recorded on the same plate. 

If the intensities to be compared are recorded at different 
epochs on separate plates, no matter what care is taken to se- 
cure uniformity of development, some error may affect the 
result. Moreover, if the intensity of one beam of light is cut 
down by a revolving sector, the irregular illumination which 


which, for the case of equal densities yields = 1 ae te= 


1 Kayser’s ‘* Handbuch,” III, p. 45. 
a SCAN de PhivewnAl ops LOL2: TOL. 
3 Journal d. Physique,” III, p. 305, 1913. 


a5 = 
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results may cause an error in Schwarzschild’s rule which is 
difficult to correct. 

A short account of the factors which control the density of 
the image on a photographic plate may be found in Chapter XI 
of Nutting’s “Applied Optics.” It is important to remember 
that the “‘chromatic sensibility of all ordinary plates is sensibly 
uniform throughout the ultra-violet and down through the 
violet and blue of the visible spectrum to about wave-length 
s000.” On the ultra-violet side we shall see that the sensi- 
bility rapidly falls off as the Schumann region is entered. 

Before leaving the subject of photographic spectro-photo- 
metry mention must be made of an ingenious instrument de- 
scribed by Nutting,! in which the light from each of the two 
sources under examination is made to produce a system of 
interference bands. The arrangement is such that the bright 
bands of one system fall upon the dark bands of the other. 
When the intensities of the two sources are equal, the bands 
disappear. The method is not applicable in the extreme 
ultra-violet because of the absorption of the polarizing ap- 
paratus employed. 

In the spectro-photometer employed by Kriiss * a fluores- 
cent screen replaced the photographic plate. The instrument 
does not seem to have been extensively employed. It is 
doubtful if the fluorescent ocular possesses any advantages over 
other forms of detectors in the ultra-violet. Diffuse light is 
troublesome, and the fluorescence of the lenses and prisms 
forms an added difficulty.° 


PHOTO-ELECTRIC CELL, 


The discovery by Herz in 1887 that, if a spark gap was 
illuminated by ultra-violet light, the passage of the spark was 
facilitated, led to the investigation of the phenomenon by Hall- 
wachs.t He showed that if a cleaned surface of zinc is charged 
negatively, the charge is quickly lost when the surface is illu- 


1+¢ Physical Review,” 16, p.129, 1903 ; also Kénigsberger, ‘‘ Zeitsch. fur In- 
strumentenkunde,” 21, pp. 59, 129, I9OI. 

2 [bid., 23, pp. 197, 229, 1903. 

3’ Hagen and Baden “Ann. ds Phy.,’’.8; p. 2; 1902. 

466 Wied, Ann.,” 33, Pp. 301, 1888. 

















8 BHE) SPECTROSCOPY OF 


minated by ultra-violet light. This so-called photo-electric 
effect has been the subject of many researches. The magni- 
tude of the phenomenon has been found to depend primarily 
upon the nature of the surface which is illuminated and upon 
the intensity and wave-length of the exciting light. It ap- 
pears that many metals are particularly sensitive to the more 
refrangible end of the spectrum and that the electric current 


which may be obtained from a particular metal is proportional 


to the intensity of the light which falls upon it. These facts 
have led to the use of photo-electric cells in photometry and 
particularly in the ultra-violet region. 

The exactitude of the proportionality between the current 
and the light intensity is obviously fundamental. It has been 
studied by several observers and has been confirmed for the 
alkaline metals by Elster and Geitel! for a considerable range 
of intensities. They employed a variety of sources, including a 
mercury lamp, but they did not analyse the light into its com- 
ponent colours. The spectral range was limited by the trans- 
parency of the “uviol” glass of which their cell was made. 
Recently the accuracy of their results have been questioned by 
Ives.* It seems certain that if great accuracy is required, one 
must proceed with caution. 

Though the relation has not been tested for monochromatic 
light in the ultra-violet, it seems reasonable to believe that it 
holds, at least approximately, in the most refrangible part of 
the spectrum. However, before the matter can be considered 
settled, some experiments with monochromatic light of various 
wave-lengths beyond X 3000 should be tried. 

Kreusler * was among the first to employ the photo-electric 
effect in ultra-violet photometric measurement. He used a 
spectrophotometer in which the light after analysis by a prism 
system fell upon a platinum button contained in a vessel filled 
with hydrogen at a pressure of 200 mm. This button was 
charged to a high negative potential, the current which flowed 
from it to a neighbouring anode was taken as a measure of 


+ Phy, Zeitsch.,”” 14, p. 741, 1913; 15, p. I, 1914. 
2“ Astrophysical J.,” 39, p. 428, 1914. 
Ann. d. Phy. 2:0; p. 402. 1oOk: 
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the intensity of the light which fell on the platinum. Kreusler 


checked the current-intensity relation for various parts of the 


spectral field in which he worked. He states that if care was 
taken not to charge the cathode too near the sparking poten- 
tial, the relation held. He determined the absorption coefh- 
cient for a number of substances between X 3000 and X 1850. 

Meyer,’ in 1903, employed the apparatus of Kreusler to 
determine the absorption of ozone, a subject which will be 
considered in its place. Kriiger and Moeller? in 1912 replaced 
the platinum button by a form of photo-electric cell which had 
been perfected by Elster and Geitel. In this arrangement a 
surface which receives the illumination is of potassium ; it is 
enclosed in a vessel containing hydrogen or helium at a low 
pressure. Recently Hughes*® has described a sodium cell 
which is particularly well adapted to ultra-violet photometric 
work. | | 
It appears that the photo-electric cell, because of its sensi- 
tivity, offers some important advantages over the ordinary 
photographic plate,* if proper precautions are taken, for work 
in the ultra-violet.2 The selenium® cell which has been used 
with advantage in photometric work in the visible, is probably 
too insensitive in the ultra-violet to be of much value. 


MEASUREMENT OF HEAT. 


The four instruments most commonly employed to measure 
the heat energy in the spectrum are, the bolometer of Langley, 
the radiomicrometer of Boys, the improved radiometer of 
Nichols, and the linear thermopile of Rubens.’ These instru- 
ments have been largely employed in the less refrangible part 
of the visible and in the infra red, because the maximum of 
heat energy for many sources lies in these regions. It was 
observed by Pfliiger, however, that the spark and arc spectra 

Meyer, °* Ann. d. Phy.,°12;-p. 840, 1903¢ 

ac -Phy, Zeitsch., 13;2p..720, 1912. 3‘ Phil. Mag.,”’ 25, p. 679, 1913. 

+ Meyer and Rosenberg, ‘S.A. Vierteljahrsch. Astron. Gesell.,”’ 48, p. 210, 
1913. 

ecobhy. Zeitsch.,’ ©5,p. 1, 19 r4: 

orse Proc. Roy. Soc.,’”’ A. V, 89, No. 608, p. 75. 

“Nutting, “Outlines of Optics,” chap. 1x; Coblentz, Bull. Bureau of 
Standards, Wash., 9, No. I, p. 7. 
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of most metals possess sufficient energy in the ultra-violet to 
make their use possible.’ If, therefore, the source is properly 
selected, some form of radiometer may be employed in photo- 
metric measurements even in the more refrangible region. 
The thermo-element of Rubens. appears to be the smallest, 
simplest, and easiest to operate of all the radiometers, though 
even in its improved form it does not possess the sensibility of 
the bolometer or of the instrument perfected by Nichols. 

A considerable number of investigators have used the 
thermopile in the ultra-violet. Hagen and Rubens? em- 
ployed it in their work on the reflecting power of metals; 
their measurements extended to wave-length 2500.  Pfliiger ° 
studied the energy distribution in the spectra of various 
sources. He found the maximum of energy in the aluminum 
spark spectrum at X) 1860 and even obtained an indication of 
the energy of the aluminum spark in the Schumann region 
itself. He also* employed the thermo-junction in a straight 


photometric investigation in which he determined the absorb- 


ing power of a number of substances, 

Recently, the thermopile has been employed to measure 
the energy in photo-chemical and photo-electric researches in 
the ultra-violet. The recent work of Richardson? affords a 
good example of such an investigation. 

As an instrument for photometric measurement in the 
ultra-violet, the thermopile does not possess the simplicity of the 
photographic plate nor the sensitivity of the photo-electric cell. 
But, as its indications depend upon the energy which falls 
upon it without respect to wave-length, the results obtained 
with it are easy of interpretation. 

ise Ani Case Ry,.,-4.03, 2..590; 1904. +1 bid., 8, p. 1, 1902. 


3 Ibid., 13, p. 890, 1904. es“ Phy, Zeitsch.,’’'5, p. 215; 1004. 
ot Phil. Mag:;:’ 262 p.540; 1913. 
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CHARTER Ti 
ABSORPTION OF SOLIDS: 


SINCE transparency is a fundamental requisite of substances 
which are to be used for lenses and prisms in the ultra-violet, 
it is necessary to consider the absorption of the various ma- 
terials available for such optical work. The ordinary kinds of 
glass, which serve so well in the visible, are not at all suited 
for the more refrangible part of the spectrum. In general, 
heavy flint glass is less transparent than light flint, and this, in 
turn, is less transparent than crown.!. A thickness of I cm. 
of even the best of this last-named material absorbs very 
strongly indeed, in the region of X 3100. Pfliiger? has made 
accurate measurements with his thermo-junction photometer 
for a number of glasses down to wave-length 3570, and 
Kriiss ° has carried the measurement farther with a spectro- 
photometer fitted with a fluorescent screen; the most trans- 
parent material which he investigated was a_ borosilicate 
crown, I cm. of this only permitted 8 per cent of the light to 
pass at wave-length 3090. The firm of Schott, at Jena, have 
turned their attention to the making of glass particularly 
transparent to the ultra-violet. Zschimmer has published 
some of the results attained in a series of papers. In one of 
these,* the properties of three kinds of “uviol” glass are de- 
scribed and their behaviour relative to other forms of glass is 
illustrated by three spectrograms. It appears that a specimen of 
this new glass 1 cm. thick will transmit 50 per cent of the 
light at X 3050, and if the thickness is reduced to I mm., 50 
per cent is transmitted at ) 2800. For a thickness of 2 mm., 
the limit of the spectrum appears at ) 2850 for “ uviol” flint, 

1 Kayser’s ‘*‘ Handbuch,” III, p. 377. 2«« Phy. Zeitsch.,” 4, p. 429, 1903, 


3“ Zeitsch. f. Instrumentenkunde,” 23, pp. 197 and 229, 1903. 
4 Ibid., p. 23, 360, 1903. 
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and X 2800 for ‘‘uviol” crown, whereas for English borosil- 
icate crown, the limit is at X% 2970. To illustrate the trans- 
parency of the new glass for extremely thin layers, a spectrum 
taken through a common microscope cover glass is compared 
with one taken through a ‘“‘uviol” cover glass. In the first 
case the spectrum stops at > 2850, in the second at 2480. 
It is interesting to note that Zschimmer has succeeded in 
making a glass which is quite transparent at >% 2800 but 
which absorbs in the visible blue. 

In later papers Zschimmer discusses the relation between 
the physical properties of glass and their chemical constitu- 
tion! and the relation between their transparency in the ultra- 
violet and their chemical constitution.2 In this later paper, 
the author points out that boric oxide (B,O,) and silica oxide 
(SIO,) in their pure state are very transparent even beyond 
» 2000, that the addition of metallic oxides lessens the trans- 
parency, that sodium oxide (Na,O) acts more strongly in this 
respect than potassium oxide (K,O), and lead oxide very 
strongly indeed. It has since* been shown that B,O, is less 
transparent than quartz of equal thickness in the ultra-violet. 
Fritsch * has described a glass composed of. six parts commer- 
cial calcium fluorite (CaFl,) and fourteen parts of B,O; which 
he tested and found transparent to wave-length 1850. No 
practical use seems to have been made of this substance, 
perhaps because it cannot be obtained in pieces of sufficient 
size and homogeneity. | 

It appears from what has just been said that, though the 
glasses manufactured by Schott offer a notable improvement 
over older forms, yet even they are not suitable if work is to 
be carried on in the extreme ultra-violet. 

Among the substances which occur in nature in sufficiently 
large homogeneous masses to be of optical value and which 
seem to promise the necessary transparency are, Iceland spar, 
quartz, rock salt, and fluorite.° 


1‘¢ Zeitsch. f. Electro. Chem ,’’ 11, p. 629, 1905. 

2¢ Physik. Zeitsch.,” 8, p. 611, 1907. 

3 Lyman, ‘ Astrophysical J.,’’ 28, No. 1, 1908. 

4 Phy, Zeitsch.,” 8, p. 518, 1907. > Kayser’s ‘‘ Handbuch,” III, p. 380. 
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The measurements of Pfliiger! yield perhaps the most 
satisfactory data on these substances, Iceland spar is easily 
ruled out of court. In a thickness of 1 cm. for wave- 
length 2800, it absorbs 15 per cent; at wave-length 2140, 
97 per cent. Quartz is a far more satisfactory substance. 
Pfliiger found considerable differences to exist between various 
specimens. In general, more light was absorbed when the 
path was parallel to the axis than when it was perpendi- 
cular. For a piece 1 cm. thick he gives the following 


values :— 
N.2220.. 2140 2020 19800 


per cent absorbed 5°83 © 8 16°45, 3278 

He found fused quartz far less satisfactory ; a plate 2°38 
mm. thick permitted nothing below » 2000 to pass. It seems 
probable the effect was due to the presence of some impurity, 
for it will appear later that, though fused quartz is less trans- 
parent than the crystalline variety, yet it is possible to find 
specimens which are quite transparent to light of much shorter 
wave-length than ) 1850. Both Pfliiger’s measurements and 
some qualitative observations made by Schumann? tend to 
ascribe to crystalline quartz rather less transparency than it 
really possesses in the region below ® 1850. 

The considerable differences in absorbing power obseuicd 
with various specimens of fused quartz may account for the 
variation in efficiency which different investigators have ob- 
tained with the mercury arc in quartz when light of the very 
shortest wave-length was in question. 

For rock salt, Pfliiger gives 4°5 per cent absorption at 
» 2800 and 30 per cent at y 1860. Because of its high dis- 
persion he recommends the use of rock-salt prisms protected 
from the action of the air by thin quartz plates cemented with 
glycerine. Such an arrangement is only useful on the less re- 
frangible side of ) 2300 where the absorption of the cement 
does not enter. He gives the following values of the angle of 
refraction :— 


A Fluorite. Quartz. Salt. 
1850-2310 goin! 5° 40! 27° 10 
2310-3400 22 20) 4° 20° ro° 10! 


1“ Phy, Zeitsch.,”’ 5, p. 215. 26¢ Wien, Ber.,”’ 102, Ila, p. 415, 1893. 
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Pfliiger’s values for the absorption of rock salt have led to 
the assumption that it is more transparent in the Schumann 
region than crystalline quartz. This is not the case; absorp- 
tion very rapidly sets in on the more refrangible side of X 1800. 

Of all substances fluorite is the most transparent in the 
extreme ultra-violet ; it is the only substance of which prisms 
and lenses can be constructed for work in the Schumann 
region. Pfliiger states that at thickness of I cm. it absorbs 


20 per cent atX 1860. It appears that this estimate is rather — 


too high. ‘The greatest differences in transparency occur even 
among specimens of clear colourless fluorite. The whole sub- 
ject will be treated in a later chapter. 

Short tables giving the index of refraction for a variety 
of substances may be found in Baly’s “Spectroscopy,” p. 95 
et séq. 


ABSORPTION OF GASES. 


In the ordinary part of the spectrum, the absorption of the 
air has little influence on terrestrial spectroscopic investigations, 
but when the Schumann region is reached, it plays the deter- 
mining réle. The first measurements of the air’s opacity, 
however, were not made in the extreme ultra-violet and were 
not concerned with a terrestrial source. Ever since quartz ap- 
paratus and the photographic plate have been used in the study 
of the sun’s light, it has been observed that its spectrum be- 
came suddenly weakened near ), 3000 and that all trace of it was 
lost at a point not much farther toward the violet. 

Cornu * suspected that the extent of the spectrum depended 
on the absorption of the layer of air through which the rays 
passed, and that the limit receded toward the red as the 
thickness of the layer increased. To test his hypothesis, he 
made observations at Courtenet (alt. 170 m.), in which he took 
a succession of photographs of the solar spectrum with the sun 
at various altitudes above the horizon. His results may be 
illustrated by the following values :— 


1« Comptes Rendus,” 88, pp. rror and 1285, 1878; 89, p. 808, 1879; go, 
p- 940, 1880; III, p. 941, 1890. : 
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Limiting Limiting 
Time. Wave-length. Time. Wave-length. 
hr. min. A hr. min. A 
10 30 2955 Se) 2990 
o 62 2950 3°40 3045 
r 18 2955 At 3045 
I 50 2970 4 38 3070 


He found that, if the limiting wave-length and the logarithm 
of the sin of the sun’s altitude were taken as coordinates, these 
numbers yielded a straight line. The results were expressed 
by the empirical formula, sin 2 = ‘49 x e@ ~ %08330(A - 30°) where 
hk was the sun’s angular distance above the horizon and 
where the wave-length was expressed in pp (I pu = 10 
Angstroms). This relation clearly suggested the absorption 
of the atmosphere as the factor which limits the solar spectrum. 

Cornu used these results in connexion with the theory in 
order to establish a general relation between the thickness 
of the absorbing layer and the last visible wave-length.! 
Starting with the relation P = J,F(, 4), where P is the intensity 
of photographic action, J,, the intensity of the light of wave- 
length A, and F(A) is an unknown function of the wave-length 
and the time of exposure, he made use of the fact that, if light 
of intensity J, traverses a plane layer of thickness D and trans- 
parency A,, the resulting intensity J’, may be expressed 


sin 4 These two rela- 





le TAs, where D can be written 


tions led to the expression = ie ar (w, T, X,), where 7 is the 





thickness of the absorbing layer at the place of observation, w 
the photographic activity at the limit of the spectrum, and T 
the constant value of ¢ used throughout the experiments. He 
then compared this theoretical equation with the empirical 
expression derived from experiments with the sun at various 
heights above the horizon. He was thus enabled to write an 
equation of the form = Ze - ee 2 zs 
the wave-lengths corresponding to thicknesses of the ab- 
sorbing layers of air 7 and 4,; M and m have the values de- 
rived from experiment, namely, 0°49 and 0°08330, To put this 





, where ) and X, are 


1 Kayser’s ‘‘ Handbuch,”’ III, p. 337. 
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relation in a practical form, it is necessary to note that / is pro- 
portional to the atmospheric pressure # where 7 varies with the 


Zz 


height above sea-level according to the equation ~ = Poe 
Dita 


The equation then takes the form sin 2 = Me~ "%~) ~~; 

To learn the effect on the limit of the spectrum of increase 
in altitude of the observer, the exponent of e¢ may be set equal 
to a constant, remembering that z, denotes the height of the 
atmosphere at sea-level, z, the height of the place of observa- 
tion, and X, the limit of the spectrum at sea-level, the relation 
dz = — mzd@y» results, which becomes dz = - ‘08334 (7963 
an) or dz = — 663°3 dX. The meaning of the equation being 
that, to increase the length of the spectrum by I pp or 10 
Angstroms units, the observer must ascend 663°3 metres. 
Cornu! tested this relation by making observations at 660 
metres and at 2570 metres. The results were not in exact accord 
with the formula, for he found an increase of I wy for every 
868 metres in elevation. However, when he redetermined 
the value of the constant m at the altitude of 2570 metres 
from observations of the sun at various times of day, the em- 
pirical relation became dz = 896°3 dd, an expression which 
seemed in good agreement with facts. | 

Equation 1 has also been employed by Cornu? to deter- 
mine the limit of the spectrum which would be set by the 
absorption of a terrestrial air column of constant density. 
In this case, sin 4 may be considered as unity and the formula 
becomes : . 

a ees gin td — do) 

ty 
His calculations indicate that it would require Io metres of 
air to cut off the spectrum at > 2118; I metre at A 1342, 
and 10 cm. at \ 1566. Asa matter of fact, these results are 
not in agreement with experiment. As will be shown 
presently, the absorbing action of the air cannot be repre- 
sented at all in the region between 2» 2200 and 1800 by 
Cornu’s formula. 

For some time the investigations which have just been 


IZOC:Cit, 2«« Comptes Rendus,”’ 89, p. 808, 1879; III, p. 941, 1890, 
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described were interpreted to mean that the limit of the solar 
spectrum could be entirely explained by the absorption of 
an homogeneous atmosphere whose density was distributed 
according to the barometric law. The recent work of 
Miethe! and Lehmann may modify this conclusion. They 
determined the limit of the solar spectrum at various altitudes 
from near sea-level to 4560 metres with an instrument in 
which the photographic plate was most carefully protected 


from the action of stray light. They arrived at the startling 


result that the position in the spectrum of the last trace 
of light action was independent of altitude. The following 
numbers exhibit their data :— 


Place. Altitude. Limit. 
Metres. rd 

Assuan — 116 2915°5 

Berlin 50 2912°6 

Zermatt 1620 2913°6 

Gornergrat 3136 2QII'0 

Monte Rosa 4560 2912°I 


They observed that, although the position of the last light 
action does not change with the altitude, the distribution of 
intensity near the end of the spectrum suffers some modifi- 
cation. Thus, by an increase of 900 metres above the 
altitude obtained by all previous observers, they succeeded 
in photographing two lines, X 2919°8 and X% 2916°7, which, 
though they lay in the region within the extreme limit, had 
never been seen before. This change of intensity in the 
region near the end of the spectrum was the phenomenon 


_ studied by Cornu and to which his equations still probably 


apply. 
Their conclusion that the last trace of light action is 


independent of altitude has been confirmed by Wigand.? He 


employed the same spectroscope as Miethe and Lehmann, 
and, by means of a balloon, he reached a height of 9000 metres 
and maintained his position for two hours. At this extra- 
ordinary altitude the last trace of the sun’s spectrum occupied 
the same position on the photographic plate as it did on the 
earth's surface at Halle. At gooo metres the observer has 


1 Ber, Berlin Akad.,”’ 8, p. 268, 1909. 
2 66 Phy. Zeitsch.,”’ I4, p- II44, TQ13. 
2 
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about 2 of the mass of the air under him. It is evident, 
therefore, that the absorbing agent must either possess an 
extremely steep absorption curve or reside in the very upper- 
most layers of the earth’s atmosphere. It is also possible 
that the effect is due to a different agent from that which 
produces the fluctuations of intensity observed by Cornu. 
This agent may even be situated in the sun’s atmosphere. 
The limit found by Wigand for the last trace of light was 
® 2897; the fact that this limit was somewhat below that 
observed by Miethe and Lehmann is due to a colour screen 
which lessened fog and so permitted more exact measurement. 
In the summer of 1912, Dember ! made observations with 
a quartz spectrophotometer, fitted with a photo-electric cell, 
at an altitude of 4560 metres. He states that the last action 
of the sun’s rays was at \ 2800. He attributes the gain of 


nearly 100 units over the limit obtained by other observers | 


to the superior sensitiveness of the photo-electric cell over the 
photographic plates. Owing to the unfavourable weather 
conditions, his observations were all made in a day and a 
half, and it is not perfectly certain that scattered light was 
completely eliminated. The results appear to need con- 
firmation, } 

In considering the relative importance of the various 
constituents of the atmosphere as’ judged by their absorbing 
power in the ultra-violet, carbon-dioxide and nitrogen may 
be discarded at once, for they appear to be practically trans- 


parent in the ultra-violet.2 Water vapour cannot be dismissed 


quite so easily, though its small absorption in the ultra-violet 
renders it improbable that it is an important factor in deter- 
mining the limit of the solar spectrum. 

The activity of oxygen as an absorbing agent is very 
great in the region under consideration. Liveing and Dewar ° 
as long ago as 1888 made experiments with a tube 18 metres 
long filled with “‘ ordinary oxygen.” They raised the pressure 
of the gas to 90 atmospheres in some of their experiments 
and observed that, under these circumstances, all light of 


1“ Abhand. Nat. Wiss. Gesell.,” ‘‘ Isis,” Dresden, 2, p. 1, 1912. 
4 Kayser’s ‘‘ Handbuch,’’ III, p. 353. 3% Phil, Mag.,’’ 26, p. 286, 1888. 
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wave-lengths shorter than ) 3360 was cut off. A tube of 
oxygen of 18 metres with the pressure of 90 atmospheres gives 
about the same mass of the gas as is contained in the atmo- 
sphere, but they noted that the intensity of the absorption 
bands in the visible produced by the compressed gas was far 
greater than that of the corresponding bands in the solar 
spectrum with a low sun; the limit of the spectrum is also 
considerably higher than that obtained by Cornu in the after- 
noon, i.e. % 3070. One might conclude from this, either that 
part of the absorption which they observed was due to some 
impurity in their gas, or that the oxygen in the air is not 
uniformly distributed. The latter supposition is equivalent to 
saying that their experimental tube contained more oxygen 
than exists between an observer at sea-level andthe sun. It 
is also possible that oxygen at this point in the spectrum does 
not obey Beer's Law, that is to say, the absorption is not a 
function of the product of the pressure and the gas path. 

In connexion with what is to be presently considered, it is 
interesting to note that Liveing and Dewar tried oxygen in a 
tube 165 cm. long at pressures of 85 and 140 atmospheres and 
attempted to find the extreme:ultra-violet limit of the absorption 
band, but though they searched the spectrum to the region of 
dX 2320, they could find no sign of a transmission oflight. The 
limit of the spectrum with 85 atmospheres pressure was A 2664 ; 
with 140 atmospheres, » 2704. 

In spite of the strong absorption of oxygen some investi- 
gators have preferred to ascribe the limit of the spectrum to 
the action of ozone.’ It has long been known that ozone 
possesses a strong absorption band in the very region under 
examination.” Quantitative measurements of this band have 
been made by Meyer® with the photo-electric arrangement of 
Kreusler already referred to, by Kriiger* and Moeller with 
a photo-electric cell, and recently by Fabry° and Buisson by 
the photographic method already described. The results of 


1 Kayser’s ‘*‘ Handbuch,” III, p. 361. Hartley, ‘‘ Nature,”’ 39, p. 474, 1889. 
2 Ladenburg and Lehmann, “ Ber. Deutsch. Phy. Gesell.,” 4, p. 125, 1906. 
3“ Ann, d. Phy.,” 12, p. 849, 1903. $i Phy.oZ eitsch., 0135) p.17:20), 1912. 
5 Journal d. Phy.,”’ 3, p. 196, 1913. 
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Kriiger and Moeller do not agree at all well with the other 
observers, but the values for the coefficient of absorption a de- 
fined by the relation J = J,10~“, obtained by Meyer, are in 
fair agreement with those of Fabry and Buisson at least in 
the region between \ 2300 and} 2700. ‘The values are shown 
plotted in Fig. 1. It appears that at X 2600 the ratio of the 
values of Meyer to those of Fabry are as 126 to 120, at X 2700 
as 116 to 91; at longer wave-lengths the ratio is greater, for 
® 2900, as 38°6 is to 16, and at AX 3000 as 30 is to 4°6. The 
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fact that Meyer’s photo-electric arrangement was comparatively 
insensitive in the region of longer wave-lengths while the 
photographic plate is particularly efficient in this region, makes 
it probable that the values of Fabry and Buisson are the better 
of the two for the less refrangible part of the curve. 

Both the observers have applied their data to the problem 
of the atmospheric absorption. Fabry and Buisson have shown 
that their relation between the absorption coefficient and the 
wave-length in the region between % 2900 and X% 3300 may be 
transformed into a relation connecting the last visible wave- 





SSS a 





RS ——-+h— $< per 


ee 





> 


| 
| 
| 


THE EXTREME ULTRA-VIOLET 21 


length and the absorbing thickness, identical in form with that 
deduced by Cornu from his best experiments on the sun at 
various hours of the day, and that, not only is the form of 
the equation the same, but the coefficients which determine 
the change of the spectral limit with change in altitude are of 
the same order of magnitude in both cases, the values being 


177 and 200. ‘They infer from this agreement that the absorp- 


tion phenomena observed by Cornu are due to the presence of 
ozone in the earth’s atmosphere. 

They have calculated the amount of ozone per cubic metre 
which would be necessary to produce the absorption observed 
near the end of the solar spectrum. In order to carry out 
such a determination, it is necessary to know what proportion 
of the sun's light of a given wave-length is absorbed before it 
reaches the earth. Fabry and Buisson, using their photographic 
photometer, have arrived at the result that the transmitted 
light at » 3000 is of the order of =1, of the whole. They have 
published no details of their method, and they state that the 
result is only approximate. To produce this degree of absorp- 
tion at this particular point in the spectrum, they estimate the 
atmosphere must contain a quantity of ozone equivalent to a 
layer 5 mm. thick of the pure gas at 760 mm. pressure, If 
this quantity of ozone were uniformly distributed throughout 
the atmosphere, the quantity per cubic metre would be 06 
cub. cm. Now, Fabry states, that experiments on the ozone 
content of the air on the earth’s surface give results of the order 


of 0°008 cub. cm. per cubic metre; in other words, if this value _ 


near sea-level represents the ozone content throughout the 
atmosphere, then the limit of the sun’s spectrum cannot be 
ascribed to the action of this gas, for seventy-five times more 
ozone is needed to produce the observed result than is actually 
found in the air near the earth. One must conclude, either 
that ozone is not the determining factor, or that it is not 
uniformly distributed but occurs in greater quantities in the 
upper portions of the atmosphere. The recent results of Pring * 
tend to modify this conclusion. At analtitude of 34 kilometres 
he finds a concentration of about five parts of ozone in a million 


* Pring, ‘‘ Proc, Roy. Soc.,’’ A. go, A. 617, p- 204, 
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of air. If the equivalent atmospheric height contained this 
concentration throughout, it would correspond to a layer of 
pure ozone 4:2 cm. thick. Sucha layer is more than eight 
times thicker than that required by Fabry to produce the 
absorption he observed. It is obvious, therefore, that even if 
the average concentration of ozone in the atmosphere is con- 
siderably less than that found by Pring at 34 kilometres, 
there is enough ozone present to account for the limit of the 
solar spectrum. 

Meyer has made calculations, based upon his data on the 
absorption coefficient of ozone, of a similar character to those 
of Fabry. As his value of the coefficient at ) 3000 is about 
six times that of the French observers, it is obvious that, accord- 
ing to his figures, even less ozone per cub. cm. would be required 
to produce a given amount of absorption than that needed 
if Fabry’s numbers were employed. However, Meyer’s figures 
in no way explain the facts if the ozone is considered as 
uniformly distributed, for, according to his results, 58 per cent 
of the sun’s light should be transmitted at ) 2900. We have 
seen that his value of the constant a is probably in error at 
»® 3000 because of the lack of sensitiveness of his apparatus in 
this part of the spectrum. 

There is another important and interesting agency which 
may influence the extent of the solar spectrum, namely, the 
scattering effect of the molecules of the air. The percentage 
of light transmitted through a gas layer of thickness H con- 
taining N molecules per cub. cm. is given by the expression 
e~ *® where K is given by Rayleigh’s formula 

ce = 327° (u ae oN 
3 NA+ 
Schuster! used these relations to compute the percentage of 
light transmitted for various wave-lengths, and arrived at a 
set of values for the visible spectrum in good agreement with 
the numbers for the transmission of the air obtained by Abbot 
on Mount Wilson on a clear day. He concluded that for the 


visible spectrum, with the exception of a slight indication of 


selective action in the red and yellow, atmospheric absorption 


1‘ Theory of Optics,’’ p. 325. 
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is practically accounted for by the scattering of the molecules 


of the air. 

The treatment has recently been considerably extended. 
King! has improved the formula for molecular scattering and 
has applied it to the experimental data with an excellent 
agreement between theory and observation. Fowle,* having 
introduced a correction for the action of water vapour, has 
applied King’s formula to the most recent data for the trans- 
mission of the atmosphere and has also obtained excellent 
agreement to % 3700. The experimental figures for these 
comparisons are obtained at such stations as Mount Wilson and 
Mount Whitney, which, on account of elevation above sea-level, 
are free from the complicating action of dust. 

When the region at which the solar spectrum actually 
ceases is reached, the formula of King does not appear to 
yield results consistent with the facts, for at ) 2900 in dry, 
dust-free air containing no ozone, the transmission condi- 
tioned by scattering alone is about 60 per cent. Moreover, 
the experimental results of various observers are puzzling. 
Abbot 3 estimates the transmission at Mount Whitney as 58 per 
cent for \ 3250, and his measurement at Bassour and at Mount 
Whitney for wave-length 3060 is about 70 per cent. He 
attributes this very high value to error caused by stray light, 
but even with this correction, it is very difficult to reconcile 
this result with the I per cent transmission obtained by Fabry 
and Buisson at > 3000. 

If the scattering action of molecules is to account com- 
pletely for the transmission of the atmosphere in the region 
in which the solar spectrum is known to cease, it becomes 


necessary to assume that the agency which causes the extinc-— 


tion of the solar spectrum is of solar origin; this hypothesis 
seems untenable. 

On the other hand, if the limit of the spectrum is of ter- 
restrial origin, it must be produced by the selective absorption 
of some gas. The results of Miethe and Lehmann show that 

1¢¢ Phil. Trans. Roy. Soc. Lond.,’’ A., 212, p. 375, 1913. 

2«‘ Astrophysical Journal,’’ 38, p. 392, 1913. 

3«¢ Ann, Astrophy. Observatory of the Smithsonian,” III, Tables 45, 46, 47. 
Also “ The Solar Constant of Radiation,” ‘‘ Science,’’ 39, p. 335, 1914. 
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either the absorption curve of the gas in question rises with 
extreme steepness on its less refrangible side, or that the gas 
is confined to the upper portions of the atmosphere. Oxygen 
cannot satisfy the second condition, and, as experimental data 
is wanting, it is impossible to say what the nature of its ab- 
sorption band may be in the region near X) 3000, Ozone has 
an absorption band with a steep side and in the correct position. 
Moreover, the results of Pring indicate that its concentration is 
sufficient to produce the observed absorption on the assumption 
of uniform distribution. 

Turning from the sun to terrestrial sources of light, it has 
been stated at the beginning of the chapter that the air in such 
thicknesses as are usually present in spectroscopic apparatus 
exerts no appreciable absorption in the ultra-violet. When 
the region on the more refrangible side of ) 2000 is entered, 
however, this statement no longer holds true. Schumann}! 
showed that a very strong absorption sets in near ) 1850. Up 
to this point the transparency is greater than that predicted by 
Cornu but beyond that wave-length it is far less. The whole 
matter will be considered in detail in a later chapter; for the 
present, it will suffice to state that oxygen has been shown to 
be the active agent involved, the result being due to an un- 
symmetrical band extending from the region at X 1900 to the 
neighbourhood of ) 1300. So steep is the rise of this absorption 
that while the line 7 1940 may be photographed through 14 
metres of air, the region beyond 2 1750is entirely absorbed by 
an air column I cm. long. The change of the absorption 
coefficient with wave-length has not been determined for this 
interesting oxygen band. The only numerical data are those 
of Kreusler* who found that a column of air 20 cm. long ab- 
sorbed 8°8 per cent at ) 1860, while at ) 1930 no absorption 
could be detected. 

The relation of the absorption of oxygen in the neighbour- 
hood of X 3300 observed by Liveing and Dewar with a long 
column at a very high pressure to the strong absorption of the 


gas in the Schumann region in short columns at atmospheric. 


1 Kayser’s ‘* Handbuch,” III, p. 338. 
2\C Ann. /daPhy.,”6;. pate, 1OOT. 
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pressure, is an interesting question. The effects observed may 
be due to two separate bands, in which case a region of relative 
transparency may exist between them. On the other hand, 
the extinction of the spectrum near X% 3300 may be produced 
by a shoulder of the absorption band whose maximum lies in 
the region of extremely short wave-lengths. 

Meyer, who believed that ozone was the dominating factor 
in the region between 7 3000 and X% 2000, suggested that a 
place of relative atmospheric transparency might be expected 
in the neighbourhood of X 2100, since near this point the ab- 
sorption of ozone sinks to avery small value. He tried to de- 
tect the presence of solar radiation in this region by making 
experiments ata considerable altitude with his photo-electric 
photometer, but his results were inconclusive. The idea is a 
suggestive one and the fact would be most important if it could 
be proved. The data available, however, seem all unfavour- 
able. Owing to the large proportion of oxygen in the atmo- 
sphere, it would be necessary for the absorption of this gas to 
sink to a very small value near X 2100. Moreover, the loss 


_by scattering is great. Again, it is doubtful if the sun gives 


much of any radiation of the required wave-length.! Not- 
withstanding the discouraging prospect, an experiment with a 
quartz or fluorite spectrograph using plates specially sensitive 
to the region in question would perhaps be worth trying. ~ 


REFLECTING POWER OF METALS. 


The use of mirrors and reflecting gratings in the ultra-violet 
makes measurements of the reflecting power of metals in the 
more refrangible part of the spectrum of great importance. 

Hagen and Rubens? employed a direct photometric method 
in which the beam after reflection from the surface under ex- 
amination, was compared with the beam which had not under- 
gone reflection. As has been already mentioned, they used a 
thermopile as the detecting instrument. The angle of incidence 
was about one degree; an arc served as source; the ultra- 
violet limit was at wave-length \ 2500. These results may be 
summarized as follows :— 


Bean. duebhy., 0125. p. 49,4903. 2 1bid., 8, pi) 1902, 
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A fresh silver mirror reflects excellently in the visible, falls 
to a sharp minimum of about 4 per cent at X 3160, and then 
rises to 34°I per cent at X 2510; the trend of the curve is up- 
ward at this point. | 

The reflective power of platinum is steadily downward 
throughout the whole spectrum; it reaches 33°8 per cent at 
WX 2510. If the curve held its direction, about 28 per cent re- 
flection might be expected at X 2000. Gold sinks to a broad 
minimum between X 3500 and X 4000; it reflects 38°8 per 
cent at % 2510. The curve appears to be rising at this point. 

The curve for copper is roughly similar to that of gold. 
The minimum of reflection is thrust toward the violet, but 25:9 
per cent of light is reflected at the more refrangible limit and 
the upward slope of the curve in the extreme region is small. 

Nickel and iron resemble platinum; they both decrease 


_ steadily in reflecting power from the limit of the visible; they 


reflect 37°8 per cent and 32°9 per cent respectively at wave- 
length 2510. 

Among alloys, Mach’s Magnalium (69 Al + 31 Mg) shows 
a constant and high reflecting power of about 83 per cent out 
to the limit of the visible. From there, it falls to 67 per cent 
at the experimental limit and the tendency of the curve is 


‘downward. It possesses a much. higher reflecting power than 


any other known substance in the neighbourhood of wave- 
length 2500; it is also distinguished by the permanence of its 
surface. 

Schréder’s Alloy No. 1 (66 Cu + 22 Sn + 12 Zn) and 
Schréder’s Alloy No. 6 (60 Cu + 30 Sn + 10 Ag) closely 
resemble each other: they both reflect about 60 per cent at 
the limit of the visible and then fall off steadily to about 4o 
per cent. The curves tend rather sharply downward. 

Brandes-Schiinemann’s Alloy (41 Cu + 26 Ni + 25 Sn 
+ 8 Fe + I Sb) reflects but 50 per cent at the limit of the 
visible’ and 35°38 per cent in the extreme violet. Finally, 
Ross's Alloy (68:2 Cu + 31°8 Sn) reflects 56°4 per cent at 
wave-length 4000, and 29°9 per cent at wave-length 2500. 
So steep is the slope that a reflective power of less than 18 per 
cent might be looked for at wave-length 2000 if the curve 
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maintained its downward course. It is extremely important 


to note, however, that the Brashear Alloy used for the defract- 


ing grating with which the spectrum has been pushed to the 


extreme limit of the Schumann region, resembles that of Ross. 


It seems likely, therefore, that the reflection curve for Ross 
alloy suffers a minimum and then rises again in the region of 
extremely short wave-lengths. At all events, it is evident 


that it is not safe to predict the behaviour of metals in the 


Schumann region from data obtained on the less refrangible 
side of wave-length 2500. 

The condition of the polarization of the light reflected from 
metallic surfaces may be determined by the measurement of 
two quantities, the relative phase retardation and the ratio of 
the amplitudes of the two components vibrating at right angles 
to each other. A knowledge of these quantities permits the 
index of refraction and the coefficient of absorption to be cal- 
culated, and these, in turn, may be so combined as to yield 


the per cent of light reflected at normal incidence. 


The method devised by Voigt rests on procedure of this 
kind! It was used first by Minor? and more recently by 
Meier. The former carried the work as far into the ultra- 
violet as ) 2265. He studied steel, cobalt, copper, and silver. 
The data for steel show a fair agreement with the numbers of 
Hagen and Rubens. For silver, the agreement is all that 
could be expected when the differences introduced by the 
condition of the surface are borne in mind. It is interesting to 
note that Minor finds a decreasing reflective power for silver 
beyond the region of % 2500; thus, at this wave-leneth 25 
per cent is reflected, at wave-length 2265 only 18 per cent is 
reflected. 

Meier determined the optical constants of gold, nickel, 
iron, platinum, bismuth, zinc, selenium, mercury, iodine, a 
silver copper alloy, and “ Wood’s fusible bismuth alloy.” He 
followed the spectrum to wave-length 2573. The differences 
between his values and those of Hagen and Rubens are quite 
considerable in the ultra-violet, a fact which perhaps may be 


ise Phy. Zeitsch:,’ 2, p. 303; 190%. 2«¢ Ann, d. Phy.,’’ 10, p. 581, 1903. 
Si Uid,, 35) ps2tOl7, 1010: 
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attributed to differences in surface conditions. For example, 
with gold he finds 27°6 per cent at the spectral limit as against 
38°38 per cent obtained by the direct method; for platinum, 
37°I per cent as against 33°8 per cent; for nickel, 30°7 per 
cent as against 37°8 per cent. Meier followed the reflective 
power of mercury only to wave-length 3255. At this point 
he obtained 65°7 per cent. It is interesting to note that for 
“Wood's alloy” (exact composition not given) he obtained a 
higher reflective power in the extreme ultra-violet than from 
any other metal which he studied, namely, 56°6 per cent at 
wave-length 2749 and 52°7 per cent at 2573. As the alloy 
appears to be easily prepared these figures may be of practical 
importance. 
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PAR Pit: 
CHAPTER I. 


Our knowledge of the most refrangible end of the spectrum 
is chiefly due to the work of one man. Before entering on an 
examination of the region, therefore, it seems appropriate to 
give an account of its discoverer. 

Victor Schumann was born near Leipzig in the year 1841. 
He received his early education at Leipzig; from 1860 to 
1864 he was at the Gewerbeschule at Chemnitz. It must 
have been during: this period that he acquired that extraordin- 
ary mechanical technique which characterized all his scientific 
work. For atime he was employed as a designer, later he 
was engaged in the manufacture of machinery for the book in- 
dustry ; finally, he became a partner in a machine business in 
which he remained actively engaged until 1892, and by means 
of which he was able to accumulate the funds which he later 
spent in scientific work. 

He was more than forty years of age before he was able to 
turn from his business to scientific pursuits. Even then his 
investigations were conducted in the evening or at such odd 
moments as he could spare from his regular profession. 
Photography first attracted him; one of his earliest papers 


published in 1885 is on the sensitization of photographic 


plates. Almost immediately after this, however, he took up 
the pursuit of spectrum analysis, to which he devoted himself 
for the remainder of his active life. His first paper on the 
spectrum of hydrogen and upon the effect of the presence 


of impurities on the spectrum of mercury appeared in 1886. 


He must have been inspired by the idea of penetrating into. 
the region of the extreme ultra-violet at the very beginning of 
his scientific studies, for it was but four years later that the 
article which marks the beginning of his attack on the region 


of the most refrangible rays appeared. 
29 
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Guided by the work of Stokes, Soret, and Miller, he began 
by instituting a very careful comparison of the relative advan- 
tages of fluorite and quartz, and becoming convinced of the 
superiority of fluorite as a transparent medium for rays of 
the shortest wave-length, he employed this substance for his 
prisms and lenses. Thus equipped, he followed the spark 
spectra of more than twenty metals to the region of % 1820 
Angstrém units. He next set himself the problem of deter- 
mining the factors which caused the common limit in the 


‘spectrum of so many substances, His knowledge of photo- 


graphic phenomena led him to recognize the part played by 
the absorption of gelatine, while his familiarity with the work 
of Cornu drew his attention to the absorption of the air. He 
put these ideas to the test by the construction of a vacuum 
spectroscope and by the use of special photographic plates 
whose emulsion was nearly free from gelatine. His efforts 
were almost immediately crowned with success, for a very 
considerable extension of the spectrum followed the use of the 
new apparatus. Brief accounts of this work appeared between 
1890 and 1893, while a more detailed description of these 
researches was published in the Proceedings of the Vienna 
Academy in the latter year. It was during this period that 
Schumann gave up his business interests to devote himself 
entirely to his spectroscope. During the next ten years he 
went steadily forward, accurately and surely adding one im- 
provement to his method after another as the results of ex- 
periments showed the way, until he finally arrived at the limit 
of the spectrum set by the absorption of fluorite, near X 1200 
Angstrém units. 

But as early as 1897 his health began to give way. Never 
of a robust constitution, he had submitted to considerable 
privations in early life in order to obtain the funds for the 
purchase of books. He undoubtedly still further under- 
mined his constitution by the arduous labours entailed in the 
construction of his apparatus, In 1903 he was forced to give 
up nearly all experimental work. He died on 1 September, 
1913. A complete list of his papers is given in Appendix I. 
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APPARATUS. 


A detailed description of Schumann’s vacuum spectro- 
scope, illustrated by excellent drawings, is to be found 
in the Smithsonian Contribution, No. 1413, and a somewhat 
shorter account is contained in Baly’s ‘‘Spectroscopy.” To 


repeat in full what is readily accessible in print seems super-— 


fluous; a statement of the chief features involved in the 
instrument will be sufficient for the purpose in hand. 
Schumann’s apparatus! consisted of a prism spectroscope of 
the usual form enclosed in an airtight casing of such in- 
genuity of design and perfection of workmanship that the 
necessary optical and mechanical adjustments could all be 
carried on without admitting air to the apparatus. The 
manipulations necessary to bring an ordinary quartz spectro- 
scope into adjustment for the ultra-violet are sufficiently 
tedious, but the rapid rise of the index of refraction of fluorite 
with decrease in wave-length makes such work increasingly 
difficult after the region of the most refrangible rays is 
reached. The following considerations will make this clear: 
In order to cover the extent of the spectrum with which 
Schumann was concerned, nine distinct photographic fields 
were ultimately necessary ; to secure perfect definition in any 
one of these fields at least eight independent adjustments 
were required. The only test for the accuracy of any one of 
these eight adjustments was by means of the photographic 
plate. It is obvious, therefore, that before even a single 
photographic field could be brought to perfect definition, a 
great many spectrograms had to be taken. The delay of 
admitting the air and repumping the apparatus after each of 
these spectrograms would have been intolerable. It was for 
this reason that Schumann faced and solved the mechanical 
difficulties involved in making his adjustments without ad- 
mitting air to the spectroscope. 

The original instrument was not large, the two fluorite 
lenses were of 120 mm. focal length for sodium light, and 
only 18 mm. aperture; the fluorite prism had an angle of 60°, 


1< Ber, Akad. Wien.,’’ 102, Ila, p. 625. 
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the distance between slit and the centre of the photographic 
plate was of the order of 32'0 cm. The angle between the 


optic axis of'the camera lens and the photographic plate 


varied from 68° to 55°, depending on the part of the spectrum 
under investigation. For the other dimensions of the spectro- 
meter the reader is referred to the original drawing in the Bir. 
of the Vienna Acad., Vol. 102, 2a, 1893, p. 694. The plates 
in the Smithsonian Conti er do not quite agree with the 
original in scale. 

The dispersion of the instrument was such that the 
aluminum lines X 1989'9 and X 1854:09 were separated by 
5°8 mm. when they fell at the middle of the plate, the focal 
length in vacuum of the lenses was for this region, 106°7 mm. 
At the most refrangible end of the region the dispersion was, 
of course, much greater and the focal cadet correspondingly 
shorter. 

The excellence of the slit contributed more than any other 
single factor to the wonderful definition obtained with the 
spectroscope. The slit widths employed when the finest re- 
sults were secured varied from ‘0075 mm. to ‘0013 mm, ; the 
time of exposure varied from a few seconds to four minutes. 

For the study of the hydrogen spectrum, a discharge tube 
of the ‘“‘end on” type communicated directly with the spec- 
troscope, being attached to the casing which protected the 
slit; the discharge tube was then filled through the spectro- 
scope with hydrogen to a pressure of about 2 or 3 mm. of 
mercury. When the emission of other gases was under con- 
sideration, the discharge tube was separated from the rest of 
the apparatus by a window of fluorite and was separately 
filled with the gas in question. Under these circumstances, 
the pressure in the spectroscope was usually about 4 mm. 

For examining the relation between the length of a 
column of gas and the absorption which it produced, 
Schumann designed a metal cell bounded by fluorite plates 
so perfectly constructed that the length of the gas layer could 
be varied continuously from 0 to 15 mm. In order to secure 
satisfactory operation, it was found necessary to keep the 
temperature constant, the device was accordingly surrounded 
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by a water-bath. For these absorption experiments, the 
“end on” tube filled with hydrogen and closed by a fluorite 
window was employed as source. 

The firm of R. Feuss of Steglitz foe constructed a spec- 
trograph on nearly the same plan as the original Schumann 
instrument, but of about twice the linear dimensions. This 
apparatus was employed by Handke!? in his study of the spark 
spectrum of metals. Very recently Wolff? has used a similar 
instrument constructed by Feuss with lenses of 15 cm. focal 
distance and 1°6 cm. aperture. 

Trowbridge * has described a vacuum prism spectrograph 
of an entirely different type, in which the lenses were replaced 
by mirrors. Up to the present time, however, this instrument 
has not been tested in the region of extremely short wave- 
lengths. 

While a prism spectroscope is admirably suited for general 


exploration in the Schumann region because of its compact. 


form and the brilliancy of its spectrum, it is unfitted for wave- 
length determinations unless the dispersion curve for the prism 
is known. Several attempts were therefore made to devise 


- a grating instrument with which wave-length measurements 


could be carried out. The first of these attempts was not 
crowned with much success. Morris Airey* worked with a 
transmission grating on fluorite and with a concave erating. 
Fe measured a few lines in the spark spectrum of aluminum. 
The values are reprinted in Watts’ Tables; they do not agree 
with the measurements of other observers. Wolff® tried to 
use the fluorite transmission apparatus but abandoned it for 
the prism form. Kayser and Runge ® designed two reflection 
grating spectrographs to be used in vacuum, but they did not 
employ them beyond the region of X 1850. 

Beside the fundamental advantage of a concave grating 
over a prism system, the former is much more easily adjusted 
than the latter, for, by properly proportioning the apparatus, 


1“ Tnaug. Dis.,’’ Berlin, t909. aAnn. d. Phy.,”’ 42, p. 825, 1913. 
_ 3“ Zeitsch. f. Instrumentenkunde,”’ 30, p. 334, IgIo. 
4** Proc. Manchester Phil. Soc.,”’ 49, p. 1, 1904. 
5 Loc. cit. 6“ Ber. Berlin Akad.,” III, p. 5, 1892. 
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the whole Schumann region may be obtained in good focus 
on one photographic plate at one time. On the other hand, 
the distribution of the light in the spectra of various orders 
usually makes the intensity of the light in any one erating 
spectrum inferior to that obtained with a prism. Finally, the 
great optical distance between slit and photographic plate 
necessitates very great freedom from leak in the grating spec- 
troscope. 

The first successful attempt at wave-length measurement 
in the Schumann region was carried out at Harvard Univer- 
sity with a concave grating.! As the construction of this suc- 
cessful apparatus is probably not familiar to the genera] 
scientific reader, it seems worth while to give a rather detailed 
description of it. 


THE GRATING SPECTROSCOPE. 


The apparatus consists of two parts, the spectroscope itself 
and the vacuum receiver in which it is enclosed. ‘The spec- 
troscope is formed of a drawn brass tube 9°1 cm. in internal 
diameter, 96 cm. long, and 1°5 mm, thick, one end of which 
is provided with an arrangement for holding the grating while 
the other end carries the plate-holder and slits. The grating 
mounting consists of a square brass plate pivoted to turn about 
a vertical axis. The grating is held against this plate by 
springs, while screws through the back of the plate permit of 
the necessary adjustment about a horizontal axis. At the 
end not occupied by the grating a draw tube fits into the 
large tube. Upon the end of this draw tube are mounted the 
slits and plate-holder in a manner shown in Figs. 2, 3, 4, 
and s, and which may be described as follows: A circular 
brass disc closes the end of the draw tube and is pivoted about 
a vertical axis, AA, Fig. 5. The motion of this disc is reg- 
ulated by the screws, XX. Upon the disc are mounted the 
two slits, SS. The width of the slits is controlled by the usual 
screw adjustment. In order to be able to adjust the slits 
parallel to each other one of them is mounted in a tube which 


1 Astrophysical Jour.,”’ 23, p. 181, 1906. 
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turns in the disc; the amount of this twist is regulated by the 
lever, L. : 

The plate-holder, C, is so constructed that several photo- 
graphs may be taken without withdrawing it from the ap- 





FIG. 2. 


paratus, To this end the disc carries two ways, DD, in which 

the plate-holder slides. The position of the holder in the ways 

is controlled by the lever, E, pivoted about the point, F. One 

end of this lever carries the pin, G, while the other end is pro- 
3 * 
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the movable form, M. The form (shown withdrawn from the 


case, Fig. 4) carries two strips, NN, whose undersides are cut 
yond 


, P, is slipped into the 
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Fig. 5 
to the desired curvature, the ends of these strips project be 


_ the main body of the form. The plate 
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Fic, 3. 
The plate-holder is designed to permit the 


To shift this position it is only necessary to swing the 


lever about F by means of a magnet exterior to the apparatus ; 





holder falls by an amount corresponding to the distance be- 
this end it is constructed in two parts, the outside case, C, and 


the pin, G, then slips past one of the rods, I, and the plate- 
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vided with an iron armature, H. The pin, G, engages one of 
the horizontal rods, I, and thus holds the plate-holder in posi- 


plate to be bent to the arc of a circle of given curvature. 


tween two rods. 
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form and is tangent, when unbent, to the curved strips at their 
middle point. The form is then drawn into the case by means 
of the screws, OO, the ends of the plate come up against the 
shoulders, RR, and as the screws are tightened the plate is 
bent to coincide with the strips, NN. 

The apparatus is so constructed that the curve to which 
the plate is bent passes through the slits. Light has access 


to the plate through a slot, T, cut in the disc, which slot also. 


serves as a diaphragm for the spectrum. A sleeve, U, shields 
the plate from scattered light; and to reduce the reflection 


from the walls of the tube a set of circular diaphragms is 


provided. The whole system, draw tube and large tube, is 
blackened inside, In the early work it was proposed to en- 
close the spectroscope as above described in a large glass tube, 
but owing to the difficulty of closing such a receiver airtight, 
and owing to the great liability of tubes of this size to break, 
the plan was abandoned. The receiver at present in use con- 
sists of a drawn brass tube 11°3 cm. in diameter, 110 cm. long, 
and 1°8 mm, thick. It is provided with two flanges, one at 
each end, cut from sheet brass and soldered to the tube. The 
flange at the end destined to be nearest the grating is closed 
by a circular brass plate, ground true, some 17 cm. in dia- 
meter. Plates of two kinds have been used to close the other 
end of the receiver. In the simpler form, a circular brass disc 
was only pierced by the two holes destined to admit light to 
the slits of the spectroscope. In the more complex form, 
Fig. 6, a hand hole is also provided through which the 
plate-holder may be introduced. This hole is 6°2 cm. in 
diameter and is closed airtight by a conical plug. In order 
to give this plug a sufficient bearing, a sleeve some 4°5 cm. 
high is attached to the face-plate. An inlet tube inserted 
about midway down the length of the receiver serves to exhaust 
the air; a wooden frame holds the apparatus horizontal. To 
facilitate the handling and development of the dry plates the 
end of the receiver is inserted in a small dark room. Into the 
receiver thus described the spectroscope is slipped, small hard 
rubber-legs hold it in a central position. . 

The concave grating with which the work has been done 
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was tuled in 1903 on the improved engine at Johns Hopkins 
University. The material is the usual speculum metal, the » 
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faGils .O7 cm.; there are 15,028 <lines to. the inch ~[he 
diamond point was selected with the object of throwing as 
much of the light as possible into one spectrum. To the 
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great success which attended this effort the results of the work 
are due, for the instrument possesses one first spectrum of 
extreme brilliancy. 

As the experiment is carried on in an atmosphere of 
hydrogen the preparation of the gas is an important factor. 
Zinc and hydrochloric acid of the greatest commercial purity 
obtainable are used. The gas is passed over potassium 
hydrate and collected over distilled water. Before the gas is 
admitted to the spectroscope it is dried over calcium chloride 
and phosphorous pentoxide. The drying tubes are protected 
at each end by a stop-cock ; thus the gas does not flow through 
the system directly but stands over the material for some 
minutes before entering the spectroscope. The perfect dry- 
ness of the gas is necessary for the success of the work. All 
connexions between hydrogen apparatus, tubes, and spectro- 
scope are of glass. The exhaustion is effected by a Trimount 
oil pump driven by an electric motor, the pressure is read by 
a McLeod gauge properly protected by drying tubes. Here 
again all connexions are of glass. All air admitted to the 
spectroscope is passed through a separated set of drying tubes. 
These precautions have been found necessary to prevent the ap- 
pearance of absorption bands, The joint between the brass re- 
ceiver and the system of glass tubing is made by a glass sleeve 
sealed with Khotinski cement, a preparation resembling a su- 
perior kind of sealing wax. Though this form of joint leaves 
something to be desired, nothing better has as yet been de- 
vised. 

The use of a discharge tube separated from the receiver by 
a fluorite window necessitates a separate connexion with the 
pumping system, for the tube must be exhausted apart from 
the receiver and filled with the gas to be studied. 

The form of the discharge tube depends upon the manner 
of making the experiment. If the tube is to communicate 
directly with the receiver, so that the whole apparatus is filled 
from the receiver with hydrogen, the usual form of capillary 
tube with ring electrodes is employed. The dimensions in a 
typical case were as follows: Length’of capillary, 6:4 cm. ; in- 


ternal diameter, 2°5 mm. ; diameter of electrodes, 1°6 cm. ; dis- 
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tance of mouth of tube to electrode, 4°5 cm. This last 
dimension is of special importance, since if it is made too 
small the discharge from the tube spreads into the receiver 
and produces fog, and if it is made too large intensity of 
illumination is sacrificed. 

If the tube is to be separated from the receiver by a 
window and is to be separately exhausted, a special form is 
used. Here the end of the internal capillary is brought as 
near the fluorite window as may be without undue heating. 
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A device of this type not only brings the source of light near 
to the slit of the spectroscope but reduces the absorption in the 
tube itself to a minimum. The last advantage is a most im- 
portant one in dealing with gases such as air which absorb 
strongly. The electrodes in both forms of tube were usually 
of aluminum, but iron, copper, and silver have also been tried. 
The manner of attaching the discharge tube to the spectro- 
scope receiver is shown in Fig, 8. 
The tube, if it be of the internal capillary form, has a 
ground flange at its lower end; to this flange is attached a 
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fluorite window by means of Khotinski cement, care being 
taken that the cement is applied only to the outside edge of 
the flange in order that none of it may come in contact with 
the gas. This window is indicated in the figure at A. The 
tube thus closed is fastened in a brass cone, B, by means of 
Khotinski cement. This cone fits airtight into a cup, C, 
which in turn screws on to the face-plate of the spectroscope. 
Thus the gas under examination does not come in contact with 
the brass of the mounting, This is a considerable improve- 
ment over other arrangements. If extreme purity in the gas 
is not a requisite, it is convenient to attach the fluorite window 
directly to the bottom of the cup C, for with this arrangement 
the window can be readily cleaned by simply withdrawing 
the discharge tube. If the tube is to communicate directly 
with the spectroscope the window is dispensed with alto- 
gether. 

When the spark spectra of metals were under investigation 
the discharge tube was replaced by a cylindrical glass vessel 
about 8 cm. long and 4 cm. in diameter furnished at one end 
with a window, and drawn out into a tube 1 cm. in diameter 
at the other. This tube fits into the brass cone, B, and is held 
in place by cement. The cone, in turn, fits airtight into the 
cup, C. The cup screws on to the face-plate of the vacuum 
spectroscope, D, and has attached to it a fluorite window, 
A. The point which distinguishes this arrangement from 
that employed with a discharge tube consists of a tube, E, 
which penetrates the side of the cone and through which 
a stream of hydrogen is directed into the spark chamber. 
This stream of gas, after striking the fluorite window, turns 
and is directed against the spark discharge and finally makes 
its way through sulphuric acid into the outer air by means of 
F, By a suitable arrangement of stop-cocks, the spark 
chamber may be exhausted through E. When it was found 
necessary to replace the stream of hydrogen by an atmosphere 
of helium, the gas was introduced through the tube, F, after 
the vessel had been thoroughly exhausted. | 

The metal under examination is held in suitable clamps 
and introduced into the chamber through two ground joints 


co 
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as shown in the figure. The discharge is viewed through the 
window, G, during the course of the experiment. 


ADJUSTMENT. 


After the spectroscope is placed in the receiver the grating 
is turned until that. part of the first spectrum to be investigated 
falls on the photographic plate. The arrangement of two 
slits serves a double purpose, as by it either the method of 
shifted spectra or the second spectrum comparison .method 
may be used, without altering the position of the grating. 
For no matter which method is to be employed the grating 
is so placed that light from the right-hand slit gives the region 
of short wave-length in the first spectrum, while by illuminat- 
ing the left-hand slit a shifted first spectrum is obtained super- 
posed upon a shifted second spectrum. The dimensions of 
the apparatus are such that when the longest wave-length 
which falls on the plate from the right-hand slit lies in the 
region of 1900 Angstréms, the longest wave-length in the 
shifted first spectrum has a value of about 3100 Angstréms. 
Observation of lines in the shifted spectrum serves, therefore, 
as a simple test of the exact position of the grating. When 
this position has once been reached the grating end of the 
receiver is closed, a very little Travers’ india-rubber grease 
being used in the joint, and the edge is painted with shellac. 
It next becomes necessary to prepare the other face-plate. 
If the shifted spectrum method is to be employed, this process 
consists in covering that hole which is to admit light to the 
left-hand slit with a quartz window and attaching the discharge 
tube over the right-hand opening. The face-plate with the 
tube attached is applied to the flange of the receiver, care 
being taken that the capillary of the tube is in line with the 
slit and with the centre of the grating. To facilitate this 
operation, discharge tubes are made double ended, that is, 
they have a quartz window by means of which it is possible 
to look through the capillary to the slit and thus assure correct 
alignment. Fig. 6 illustrates the appearance of the improved 
form of plate and discharge tube in position. 

The fact that the end of the receiver is in a dark closet 
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permits the plate-holder to be placed in the ways of the spec- 
troscope through the hand-hole without danger of fog. The 
hand-hole is next closed by the conical plug. The apparatus 
is now ready to exhaust. If no window is used between 
discharge tube and spectroscope, both parts of the apparatus 
are of course exhausted together and both are filled with 
hydrogen together. If a window separates the two, the tube 
must be exhausted separately and filled from the separate 
supply of the gas under examination. In either case the 
most laborious part of the adjustment lies still ahead, for the 
spectra from both slits must be in focus at the same time and 
the position of the plate-holder can only be determined by 
trial. It is therefore necessary to take a series of spectro- 
: graphs, removing the face-plate 
after every trial in order to change 
the adjustment of the spectro- 
scope, and replacing the plate on 
each occasion airtight, in order 
to exhaust and fill with hydro- 
gen. Ascan be easily understood 
from the figure, that the condi- 
tions of adjustment should be 
fulfilled both slits must lie on the 
circle whose diameter is the grat- 
ing’s radius of curvature, and the 
plate must form a part of the arc of this circle. By con- 
struction, the curve to which the plate is bent passes through 
the slits. There are then two degrees of freedom of adjustment, 
the draw tube can be run in and out and the disc can be turned 





Fig. 10, 


about the axis, AA; these two motions will suffice to bring — 


the slits and plate into their correct theoretical positions. 
Tedious as is the method of trial above described it has 
seemed better to adopt it rather than to complicate the appa- 
ratus by the introduction of devices to regulate the focus from 
outside the receiver. Such devices might allow the focus to 
be changed without admitting the air, but the problem of 
moving joints which must be maintained airtight is one which 
does not permit of easy solution. Once the spectroscope is in 
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adjustment the face-plate, if it is of the improved form. can 
remain permanently in place; the dimensions of the apparatus 
being such that the whole Schumann region to » 1200 Is In 
focus at one time and on one plate. ; 

In practice the receiver is washed four or five times with 
hydrogen before a spectrogram is made. The powerful 
Trimount pump is capable of reducing the pressure to about 
-o8 mm. in a half-hour. Dry hydrogen is then admitted in 
sufficient quantity to raise the pressure to about 1ocm. This 
és filling ” is allowed to remain in the receiver for an hour or 
more, a procedure which appears to assist the removal of the 
films of air in the inside of the apparatus. The fillings of 
hydrogen which are subsequently introduced are allowed to 
remain but a few minutes. 

When the discharge tube is separated from the body of the 
spectroscope, as was the case with all gases except hydrogen, 
it is obviously necessary to take such precautions as the 
best spectroscopic practice indicated in order to Segue the 
purity of the gas. A long U tube dipped in liquid air and 
connected very near the discharge tube has proved one of the 
most useful of these precautions. 3 ; 

The width of slit used varied from ‘og mm. in the case 
of the crude experiments to about ‘025 mm. in the case of 
the fine plates from which measurements have been made. 
Thus the slit width is considerably greater than that used by 
Schumann. The time of exposure for the hydrogen spectrum 
varied between five and thirty minutes according to the width 
of slit and the sensitiveness of the plate. 


METHODS OF MEASUREMENTS. 


In determining the wave-lengths of the lines in the hydrogen 
spectrum which have served as standards in the Schumann 
region two methods were used. The values of all the lines 
were first obtained by the two-slit method and these values were 
then checked by obtaining the stronger lines in the second 
spectrum and comparing their positions with known iron lines 
in the first spectrum. For this last purpose the first and second 
spectra obtained from the left-hand slit were employed. 
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The theory of the two-slit method is briefly as follows: Iftwo 
slits, S and S’, be placed on that circle whose diameter is the 
grating’s radius of curvature, the illumination of these slits 
byiwhite light will give rise to the images, I and I’. To each 
of these images a set of spectra will correspond (see Fig. 
10). For the present purpose it is sufficient to concentrate 
the attention on the two first spectra. It is evident that these 
two spectra will be shifted with respect to each other by an 
amount depending on the distance between the slits. If a 
photographic plate be placed between Sand S’, and if the 
height of these slits be properly adjusted, one of these spectra 
will be superposed upon the other, Ata given point, P, on the 
plate, the light brought to focus from S will be of a shorter 
wave-length than that from S’.. If the sources of light be so se- 
lected that the wave-lengths in both spectra arriving at P have 
known values, then the shift of one spectrum with respect to 
the other may be determined by comparison of these values. 
If the apparatus is in adjustment both spectra are in focus 
upon the same circle, and the amount by which one spectrum 
is shifted over the other is a constant quantity ; thatis to say, if 
the shift is determined by comparing known lines at one end 
of the plate, it must have the same value at the other end. It 
is upon this property that success in the use of method de- 
pends. 

It next becomes of importance to inquire to what extent 
small errors of adjustment will influence the constancy of the 
shift. Here the nature of the method upon which the observer 
must rely in determining the perfection of this adjustment 
must be remembered. The only practical test consists in the 
sharpness of focus of the two spectra. It is the object then to 
manage matters so that both spectra shall be in perfect focus 
throughout the plate’s length and at the same time. The 
vital question at once suggests itself: Is this test sufficiently 
delicate for the present purpose? If very accurate results are 
required the question must be answered in the negative. A 
little consideration makes it obvious that the relative position 
of the images, I and I’, and hence the shift, changes with the 
focus more rapidly than can usually be detected by the change 
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in sharpness of the lines. In other words, if the shift were 
given, the proper focus would be accurately determined, but if 
the sharpness of focus must be relied on, then the true shift 
can only be approximately inferred. Or again, for practical 
purposes, the apparent shift varies slightly more rapidly with 
variation in adjustment than does the sharpness of the spectral 
lines. The foregoing is, of course, somewhat dependent on 
the manner in which the adjustment is made. Inthe apparatus 
in question the slits and the photographic plate are rigidly 
fixed on the arc of the circle. This arc is capable of being 
thrust in or out, parallel to itself, along a line connecting the 
centre of the grating and the centre of the photographic plate ; 
it is also capable of rotation about its middle point. By these 
two movements perfect adjustment can be attained, but the 
test of this adjustment is not absolutely adequate. 

The practical application of the method is as follows: The 
spectrum 'of iron was selected for comparison work. The 
grating was so turned that known lines in the spectrum of 
aluminum fell upon one end of the plate when the right-hand 
or direct slit was illuminated by light from a spark between 
terminals of the metal. The shift of the principal spectrum 
with respect to the comparison spectrum was then determined 
by comparing the positions of these lines in aluminum with 
known lines in the spectrum of iron. In order to insure 
accuracy this shift determination was recorded on the same 
plate as the spectrum of hydrogen whose lines were to be 
measured. This was conveniently brought about by admitting 
the light from the aluminum spark directly through the dis- 
charge tube, for which purpose the tube was fitted with a 
window of quartz at the end not attached to the face-plate. 
Upon the spectrum to be measured was superposed the com- 
parison spectrum of iron, and in this spectrum fiducial lines 
were selected. The relative value of these lines was then 
obtained by subtracting the shift from their real value, pre- 
viously corrected to vacuum. These relative values were then 
used as points of departure to determine the wave-lengths of 
the unknown gas spectrum. In practice the shift was 1180 
Angstrom units so that the point in the iron spectrum falling 
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on say \ 1440 of the gas spectrum hasa value of 1400 + 
1180 = 2580 Angstroms. 

Owing to the dimensions of the plate only a region of about 
760 tenth metres can be photographed at one time. Thus if 
the aluminum line 7 1935'9 falls upon one extreme of the 
plate, the other end corresponds to wave-length ) 1175. In 
order to investigate light of shorter wave-length than this value 
it is necessary to turn the grating, a process which necessitates 
a slight change in the adjustment of slits and plate. 

To check the values obtained in the above manner lines of 
short wave-length were obtained in the second spectrum. For 
this purpose the left-hand slit was. covered by a discharge tube 
without a window and the whole apparatus was filled with 
hydrogen exactly as usual. Owing to the feeble character of 
the second spectrum only the stronger lines between rN 1550 
and X 1200 could be photographed. Their position was de- 
termined by comparison with first spectrum iron lines, obtained 
from light which had: passed directly through the discharge 
tube. The average difference between the values obtained: by 
the two methods was 0°3 Angstrom unit. 

It was only in the study of the spectrum of hydrogen. that 
plates bent to the arc of the focal circle were employed. In 
all subsequent work flat plates have been used. : 


APPARATUS FOR THE STUDY OF ABSORPTION. 


When the absorption of gases was studied with the grating 
spectroscope just described a cylindrical chamber consisting 
of a vessel of glass ‘914 cm. thick and 2 cm. in diameter and 
closed by two windows of fluorite was attached by Khotinski 
cement to the inside of the face-plate of the vacuum receiver 
in such a manner that the light from the hydrogen discharge 
tube passed through it before striking the slit of the spectro- 
scope. An outlet tube from this chamber passed airtight 
through a hole in the face-plate and was connected with a 
McLeod gauge, the pumping system, and the source of gas to 
be examined. 

When the absorption of solids was to be studied the piece 
under trial was attached to the plate-holder at the end of an 
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arm in such a way that it projected to the right of the ways 
in which the holder moves. The length and shape of the 
arm was so adjusted that when the plate-holder was at its 
highest position the specimen was just above the right-hand 
slit, but when the holder had been allowed to fall the 
specimen fell with it, and came between the slit and the 
mouth of the discharge tube. The receiver was exhausted 
and filled with hydrogen in the usual way; rather a wide slit 
was used., A photograph was then taken with the plate- 


holder at its highest position, thus the light-path lay entirely 


in hydrogen. Next, by means of the magnetic device, the 
plate-holder was allowed to fall until the specimen came in 
front of the slit; the light from the tube now passed through 
it before reaching the slit. By comparing the two spectra, 
obtained one below the other on the same plate, the point in 
the spectrum at which the specimen cut off the light could be 
easily determined. 

In testing the transparencies of a large number of sub- 
stances for light of very short wave-length the method just 
described, though accurate, is tedious. A simpler arrange- 
ment has, therefore, been sometimes employed.! In it the 
photographic plate is replaced by a fluorescent screen coated 
with willemite, and the place of grating is taken by a concave 
mirror and fluorite prism. The construction may be under- 
stood by referring to Fig. 11. A brass casting, with a 
cavity of circular cross-section 8 cm. in diameter, con- 
tains the mirror and the prism; the top of the casting is 
closed airtight by a plug which screws into place. Into the 
sides of the casting, and nearly at right angles to each other, 
fit two brass tubes. One of these tubes, 21 cm. long, carries a 
flange at its far end closed airtight by a glass plate. The 
fluorescent screen, P, is placed a few centimetres from this 
plate and may be observed through it. The other tube 
carries the source of light. In order to secure the necessary 
brilliancy of illumination, no slit is used, the end of the 
capillary of a discharge tube serves itself as the source. The 
details of the arrangement are shown in Fig. 12. One electrode 


1 Lyman, ‘‘ Astrophysical Jour.,”’ 25, p. 45, 1907. 
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of the tube is formed by a platinum wire sealed in the usual 
manner, while the other electrode is the brass casting itself. 
Thus, when the apparatus is exhausted, the discharge passes 
from the platinum along the capillary to the sides of the 
casing, the end of the tube, some o’9 mm. in diameter, furnish- 


ing a bright point of light. The bits of the substances © 


whose transparencies are to be examined are fastened over 
the holes of the disc shown in the illustration. This disc 
can be rotated through a simple cog mechanism, by a key 
fitting airtight in the screw cover which closes the end of the 
casing tube. By this rotation.the specimens are brought in 
turn before the end of the capillary and at a distance of about 
6 mm. from it. 

The mirror employed is of speculum, radius of curvature 
25 cm., and the mounting is of a very simple form permitting 
movements about horizontal and vertical axes. The prism is 


of excellent white fluorite, by Zeiss, angle 60° ; it is mounted 


on a table fitted with levelling screws. 

The exact dimensions are not essential to the success of 
the apparatus. Brass apparatus made from castings is almost 
sure to contain pin-holes, but the resulting leak may be re- 
duced to a minimum by the use of thin shellac. 

It is obvious that the optical arrangement is such that 


no great perfection of definition is to be expected. For the 


rough tests for which the instrument was constructed this, 
however, is not a serious drawback. 

The operation of the instrument is as follows: The mirror 
and prism are so adjusted that the lines at the extreme ultra- 
violet end of the aluminum spectrum at 1854 fall on the 
end of the fluorescent screen. This arrangement is secured 
by the use of an aluminum spark in air and a slit temporarily 
placed in the casing tube at the point usually occupied by 


the end of the discharge capillary. A piece of fluorite of © 


known transparency is then fastened over one of the holes 
in the movable disc, a second hole is left open, while the 
remainder are closed with pieces of the substances whose 
transparencies are to be tested, The temporary slit is now 
removed, and the face-plate with its discharge capillary and 
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revolving disc is screwed into place. The casing is next con- 
nected with a vacuum pump, and the pressure is reduced toa 
value of about 0°3 mm. of mercury. The apparatus is then 
washed three or four times with dry hydrogen, the pressure 





Fic. 11. Fic. 12. 


being finally reduced to 3 or 4 cm. The observer, seated in 
a darkened room, starts the current through the discharge 


capillary ; with no absorbing medium in the light-path, the 


spectrum will then be seen to extend quite across the fluor- 


escent plate—a distance of about 5 cm. Next, by turning 
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the key on the outside of the face-plate, the fluorite and other 
absorbing substances come in succession in front of the 
capillary, and their effect on the length and brilliancy of the 
spectrum is determined. In practice it was found convenient 
to use a piece of quartz for comparison in many cases, since 
most of the substances tested were far inferior in transparency 
to colourless fluorite. The results obtained by these eye 
observations were checked in all important cases by the photo- 
graphic method. Comparison showed that the rough prism 
instrument could be trusted to detect the difference in trans- 
parency of two substances the length of whose spectra, when 
obtained photographically, differed by not more than fifteen 
Angstrém units. When the object of the investigation is a 
purely practical one, the prism instrument fulfils the purpose 
for which it was intended. The arrangement of mirror, prism, 
and fluorescent screen may be employed for other purposes 
than that of measuring the absorption of solids: for, if the 
open capillary is replaced by an “end on” discharge tube 
closed by a fluorite window, sealed into the face-plate and 
separately exhausted, the apparatus serves to demonstrate the 
absorption of the air. If the discharge tube is excited and 
the casing is attached to a vacuum pump, the spectrum is 
seen to extend itself across the fluorescent screen as the 
pressure is diminished. 

As will be shown presently, light of extremely short 
wave-length produces ozone energetically." This action can 
be used not only as a means of detecting the Schumann rays 
but as arough method of determining the relative transpar- 
encies of solid, liquid, and gaseous substances in the extreme 


ultra-violet. In such measurements, a discharge tube filled 


with hydrogen is used ; the spectrum of this source contains 
no strong lines in the region between wave-lengths 3000 and 
1675; therefore, as no appreciable amount of ozone is pro- 


duced by light on the less refrangible side of this region, any 


effects observed must be due to light in the extreme ultra- 
violet. The tube is closed by a fluorite window, the material 
to be tested being placed on this window in a suitable con- 


1 Lyman, ‘‘ Astrophysical Jour.,” 27, p. 98, 1898. 
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tainer. The presence of ozone is recognized by the action of 
potassium-iodide-starch paper. 


PREPARATION OF THE PHOTOGRAPHIC PLATES. 


No matter what form of vacuum spectroscope is employed, 
no progress can be made in the region of extremely short 
wave-lengths unless dry plates specially adapted to the 
purpose are used. The investigations of the factors which 
control the sensitiveness of such plates and the evolution of 
the technique necessary in their manufacture, es form a 

contribution of fundamental importance. 

Soret! showed that gelatine absorbs strongly in the ultra- 
violet, and Schumann? extended these observations, using 
a series of quartz plates coated with gelatine in layers from 
‘13 mm. to ‘00004 mm. thick. He observed that the silver 
bromide grains of his photographic plate varied between 
‘OO1I2 mm. and ‘oo17 mm. in diameter, and his experiments 
indicated that a layer of gelatine of this order absorbed 
strongly near ) 2265 and increased rapidly in opacity with 
decreasing wave-length. On the other hand, experiments 
with silver bromide showed that this substance absorbed 
strongly in the ultra-violet. Taking this absorption as an 
indication of photo-chemical activity of the salt, he concluded 
that the lack of sensitiveness of the ordinary dry plate was 


not due to the lack of activity of the silver bromide but to the 


absorption of the gelatine contained in the emulsion. Ac- 
cordingly,? he first tried precipitating a layer of silver bromide 
directly on glass, and succeeded in producing a plate far more 
sensitive to the extreme ultra-violet than anything which he 
had previously made. Unfortunately, the silver salt did not 
adhere firmly, and the film after development was apt to float 
away. during the process of fixing. This action could be 
lessened by making the film extremely thin, but it always 
constituted a serious fault in the method. He next tried 
coating the glass with gelatine and then allowing the silver 


1 Arch, d, Sc. phy. et nat.,”’ III., Vol. X, p. 453, 1883. 

2‘ Ber. Wien. Akad.,’’ 102, IIa, pp. 460 and g94; ‘‘ Astrophysical Jour.,”’ 
3, pp. 220 and 387, 1896; 4, p. 144, 1896, 

3 Loe. cit., p. 994. 
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bromide to settle on this surface. This procedure was a 
marked improvement, the gelatine playing a double role; 
not only did it serve as a means of binding the salt to the 
glass, but its presence increased the photo-chemical sensitive- 
ness of the silver bromide. Moreover, plates of this kind 
gave a negative showing some contrast, a property which was 
entirely lacking in the negatives obtained with the pure salt. 

A long series of experiments convinced Schumann that 
pure silver bromide gave better results than any combination 
of haloid salts, when precipitated in this way on gelatine. 
In addition to gelatine he tried agar-agar and gum-arabic as 
binding materials, but these experiments met with no success. 
Schumann also tried various methods of treating the finished 
plates. | He discovered that bathing the plate in dilute am- 
monia increased the sensitiveness somewhat, but ultimately 
he found better means for securing the same end. Attempts 
at intensification with mercuric chloride were not successful. 

He made the useful observation, however, that the size of 
the grain of the plate depended on the nature of the developer 
employed. Thus, a developer containing potassium bromide 
produced. a coarse grain with a silver bromide plate; a de- 
veloper free from potassium bromide gave a fine grain. 

The process which Schumann ! finally adopted for making 
his plates depended upon the same principle as the method last 
described, but differed in technique. In brief, it consists of 
forming an emulsion of silver bromide rather weak in 
gelatine ; this is first sensitized by heating, it is then allowed 
to solidify and is washed, and dissolved in a great quantity 
of water. The diluted emulsion thus formed is poured on 
glass plates and allowed to settle. The superfluous fluid is 
then drained off and the plates dried. 

The sensitiveness of the plates so prepared depends to a 
large degree on the temperature to which the emulsion is 
raised and the length of time during which it is exposed to 
this temperature: it is also somewhat dependent upon the 
temperature of the room in which the emulsion is allowed to 
settle. The perfection of the film as shown by its freedom from 


1 Ann, d. Phy.,” 5, p. 349, 1901. 
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fog and streaks depends upon the purity of the material em- 
ployed, a small amount of organic matter exercising a very 
prejudicial effect. The nature of the developer and its tem- 
perature also play an important rdle.' 

Plates prepared in this way are extremely sensitive to the 
extreme ultra-violet ; they also possess the rather remarkable 
characteristic of being quite insensitive to the light of longer 
wave-length than X 3000. They are the only means at present 
employed for detecting light of the very shortest wave-length. 


1See Appendix. 
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ABSORPTION OF SOLIDS IN THE EXTREME 
ULTRA-VIOLET. 


As has been already stated on page 13, quartz, rock-salt, and 
fluorite are the only substances which, occurring in clear masses 
of sufficient size, give promise of marked transparency in the 
ultra-violet. Of these three fluorite is greatly the superior. 
Schumann investigated the behaviour of crystalline quartz 
early in his work,! and ultimately became convinced that if 
very thin pieces were employed, they would be found trans- 
parent to the neighbourhood of X 1500.7 Subsequent ob- 
servations have confirmed and extended these results, for it 
appears from work done with the grating spectroscope that 
a piece of crystalline quartz ‘2 mm. thick allows a considerable 
amount of light to pass down to the region of X 1450. The 
absorption increases rapidly with the thickness, however, a 
piece 2 mm. thick cutting off the spectrum near ) 1600 and 
greatly weakening the region -between this point and 2 2000. 
This behaviour is clearly shown in spectra 4, 5, and 6, Plate I, 
“ Astrophysical Journal,” 25, p. 45, 1907. 

These results are in agreement with some rough measure- 
ments made by Handke.® 

Fused quartz varies greatly in transparency. The best is 
somewhat less transparent than the crystalline material, while 
some specimens measured by Pfliiger are quite opaque on the 
more refrangible side of X 2000. 

Rather rough measurements made with the prism-mirror 
vacuum spectroscope * on fourteen specimens of crystalline 
quartz in pieces I and 2 mm. thick, some selected from right- 

1“ Ber. Wien. Akad.,” 102, Ila, p. 455. 


2<¢ Smithsonian Contributions,” 1413, p. 2. 3“ Tnaug. Dis. Berlin,” 190g. 
4«* Astrophysical Jour.,” 25, p. 45, 1907. 
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handed and some from left-handed pieces and some from speci- 
mens cut parallel and perpendicular to the optic axis, showed no 
difference in transparency which could be traced to the direction 
of rotation or to the position of the optic axis. If it were pos- 
sible to apply the more refined method of Pfliiger to specimens 
of this kind in the Schumann region, slight differences would 
probably be observed corresponding to those which exist in the 
ultra-violet. | 

On examining rock-salt with the grating spectroscope, it 
was found that it did not fulfil its promise of transparency in 
the Schumann region. The spectrum does not extend beyond 
% 1750. The observations have been often repeated with 
various samples but always with the same result. Handke has 
confirmed this observation. 

The factor which determined the extreme ultra-violet limit 
of the spectrum as obtained by Schumann was the absorption 
of the clear, colourless fluorite which formed the lenses and 
prisms of his apparatus. This fact was demonstrated with the 
vacuum grating spectroscope, for with this instrument it was 
possible to extend the spectrum considerably by removing all 
fluorite from the light-path. The phenomenon is illustrated 
in Plate II, ‘Astrophysical Journal,” 23, p. 205. Without 
fluorite the limit of the spectrum in this plate lies near > 1030 ; 
with fluorite it is cut off at) 1230. Very recently the spectrum 
has been pushed to 2 905. 

Though clear, colourless fluorite is rare and expensive, the 
coloured varieties are common enough, and sometimes may be 
obtained in clear masses of considerable size. Stokes! ex- 
amined one coloured specimen that showed considerable trans- 
parency in the region of ) 1850. Specimens cut from purple, 
green, pink, and yellow fluorite of various shades have been — 
tested both with the grating spectroscope and with the cruder 
prism-mirror apparatus. They were usually in the form of 
plates from I to 2 mm. thick. They show considerable range 
of transparency. A typical spectrum taken through a purple 
fluorite terminates abruptly at A 1700. Of fifty-seven speci- 
mens, forty-two were less transparent than this purple sample, 


1 ¢* Collected Works,”’ IV, p. 221. 
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ten were nearly equal to quartz I mm. thick, and five were 
almost as good as colourless fluorite from Zeiss. From this 
test it appeared that the depth ofcolour was a good indication 
of the absorption; the most deeply coloured were the most 
opaque, while the five most transparent pieces were nearly, if 
not quite, colourless. There was one notable exception to this 
rule, however ; four specimens from a light green crystal from 
Westmoreland, New Hampshire, U.S.A., were nearly as trans- 
parent as the plates from Zeiss. This crystal was free from 
flaws, ‘There is some hope, therefore, that coloured fluorite may 
yet be found which will serve for prisms and lenses, and which 
will possess the requisite transparency for use in the region 
between »% 2000 and A1250. © 

It is well known that the colour may be removed from 
fluorite by heating, and, if the process is carefully carried on, 
no cracks are developed. This loss of colour, however, is ac- 
companied by only the very slightest gain in transparency, if 
any. In ten cases out of twelve no difference could be noted 
at all either by the visual or by the photographic method. 


A. microscopic examination with a power of 200 diameters 


showed little difference in constitution between the trans- 
parent Westmoreland fluorite and the more opaque coloured 
varieties. In general, the specimens which showed the greater 
absorption seemed to contain the larger number of those fluid- 
filled cavities which have been so often observed. The 
colourless variety of fluorite from. Zeiss was quite free feos 


these microscopic enclosures. 


The fluorescence excited by cathode rays was somewhat 
less brilliant in the colourless than in the coloured fluorite, 
but the differences were not of such a magnitude as to give an 
indication of the relative transparencies of the specimens. Re- 
cently, specimens of white fluorite from Zell in Baden have 
been examined. Some of them yield plates as transparent as 
the material obtained from Zeiss. 

Though for the construction of prisms and lenses it is 
necessary that the material should be obtainable in large 
homogeneous masses, yet for the construction of the windows 
for vacuum tubes, relatively small pieces are often very useful. 
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With the hope of finding material which would serve this pur- 
pose, a considerable variety of substances have been examined- 
The results may be summarized as follows :— 

Topazi—Next to crystalline quartz, topaz from Ceylon 
shows the greatest transparency of all the substances ex- 
amined. The result obtained from the photographic method 
shows that the spectrum is cut off nearX 1575. Thespecimen 
was 1°5 mm. thick; it is thus inferior to quartz. Topaz from 
Japan, Utah, and Siberia is much less transparent than this 
specimen from Ceylon. It is possible, however, that this dif- 
ference may be considered rather as a peculiarity of the in- 
dividual specimen than as a distinctive property connected 
with a region. 

Gypsum.— This substance, when examined in bits I mm. 
thick bounded by cleavage surfaces, shows a spectrum which 
extends to the region between X 1700 and X 1650. 

Celestéte.—This substance, when examined in polished 
pieces I to 2 mm. thick, shows a Halspalency about equal to 
that of gypsum. 

Larite.—I\n polished pieces I to 2 mm. thick the trans- 
parency is about equal to that of rock-salt. 

Alum.—Pieces cut from crystals and 1 mm. thick show a 
spectrum ending near 1750, but of rather stronger Heinen 
than that obtained with the rock-salt. 

Colemanite,— Transparent to the neighbourhood of X 1750. 

Sugar.—Plates 1 mm. thick cut from crystals of rock candy 
are less transparent than colemanite. ; 

The test pieces of all the substances just mentioned were 
clear and free from flaws. The surfaces were carefully polished. 

In addition to the above, the following substances were 
tested and found perfectly opaque to light of shorter wave- 
lengths than 2000: borax, adularia, calcite, chrysoberyl, 
sanidin, arragonite, apophyllite, silver chloride (horn silver), 
kunzite, and diamond. Several of these are known to be 
opaque to light of longer wave-lengths than 2000. The tests 
were made in the hope of discovering some material which 
showed selective absorption to a marked degree. 


1“ Astrophysical Jour,” 25, p. 45, 1907. 
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In the case of diamond we have an example of a crys- 
talline substance which is transparent to the visible part of 
the spectrum and to X-rays, yet which is apparently opaque 
to light of short wave-length. 

Fritsch! and Zschimmer? have both called attention to 
the transparency of boric anhydride for ultra-violet light. 
Fritsch states that, as far as he could observe in a qualitative 
way with a quartz spectrograph, boric oxide (B,O;) exerted 
no absorption in the region of short wave-lengths. As a re- 


sult of the observations with the vacuum grating spectroscope, _ 


it appears, however, that boric anhydride in thicknesses of 
I or 2 mm. ts not transparent, for practical purposes, to light 
of shorter wave-length than ) 1700. This substance is, there- 
fore, of the same order of transparency as purple fluorite. 
It is less transparent than quartz of the same thickness. 

Water.—Quantitative measurements of the absorption of 
pure water on the edge of the Schumann region have been 
made by Kreusler.2 He gives the following results : > 1860, 
absorption 68°9 per cent; X 1930, 24°5 per cent; A 2000, 
I4°2 per cent. It was found that owing to the impurities 
communicated to the water by the vessel, concordant results 
could only be obtained when a hard glass trough was employed. 
The length used in the final experiments is not clearly stated ; 
it was apparently of the order of 2 cm.; the vessel was, of 
course, closed with quartz windows. 

Qualitative measurements have been made at Harvard 4 
with layers of distilled water in vessels of glass‘o'5 mm. and 
I mm. thick closed with fluorite windows. The cells were in- 
troduced into the vacuum grating spectroscope in the same 
manner as when the transparency of solid substances was 
under investigation. Even with a prolonged exposure the ‘5 
mm. water layer cut off the spectrum at 1729. Though the 
water used in these experiments was distilled, no particular 
precautions were taken. ) 

Experiments in which the intensity of the Schumann light 
given off from a hydrogen tube was measured by the ozone 


1 Physikal Zeitsch.,” 8, p. 518, 1907. 3‘ Ann, d. Phy.,”’ 6, p. 420, rgor. 
4 Lyman, ‘‘ Nature,” 8 July, 1910. 


2 Tbtd., 8, p. 611, 1907. 
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which it produced, indicated that in equal layers water was 
much more opaque than air, but that the absorption of the 
water increased less rapidly than that of the air as the thick- 
ness of the layer was increased. 

Data on the transparency of all other liquids on the more 
refrangible side of ) 1850 are lacking. Such liquids as have 


- been examined in the region of X) 2000 show great absorption. 


DISPERSION OF FLUORITE. 


The dispersion of fluorite has been calculated by a number 
of physicists. Of the earlier of these results in the extreme 
ultra-violet, those of Martens? have proved to be, perhaps, 
most nearly in agreement with the facts. The data were ob- 
tained from a formula of the Kettler-Helmholtz type involving 
two absorption bands, the one in the red, the other at > 951°9. 
From a knowledge of the dimensions of Schumann’s apparatus 
and by the use of these calculated indices, Martens estimated 
that the extreme point reached by Schumann had a wave- 
length of } 1250; a result which subsequent measurements 
have shown to be very near the truth. 

Handke,’® using a prism spectroscope of the Schumann 
type and employing the values of the wave-lengths of the 
hydrogen spectrum determined at Harvard University, 
measured the index of refraction for fluorite to wave-length 
» 1311. In order to make the results of experiment agree 
with calculation, he found it necessary to introduce two ab- 
sorption bands in the extreme ultra-violet in the dispersion 
formula, one at > 1056, the other near X 610. MHandke’s 
values may be found in the fourth edition of the Landold- 
Bornstein Tables. The refractive indices of quartz * and rock- 
salt have been determined only to > 1854. 


THE ABSORPTION OF GASES. 


The air was the first gas whose absorption was investigated 
by Schumann. It will be well, therefore, to begin with a 
general account of its behaviour in the region of extremely 


1 Kayser, ‘* Handbuch,”’ IV, p. 477. 3¢¢ Inaug. Dis.,’’ Berlin, 1909. 
es Ann.d. Phy..’* 0p. 6tg; IQ0r. * Kayser, ‘* Handbuch,’’ IV, p. 484. 
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short wave-lengths before turning to the absorption of other 
gases, | 

- Kreusler! found that a column of dry air 20°45 cm. long, 
free from carbon dioxide, absorbed 8°8 per cent of the light at 
wave-length X 1860. At wave-length 1930 the absorption 
was so small that it could not be measured. 

Schumann * examined the effect of change of thickness of 
the absorbing column; he employed the device which has 
already been described whereby the length of the absorption 
layer could be varied continuously. He used as source a 
discharge tube giving the spectrum of carbon dioxide. He 
found that the limit of the spectrum remained in the neigh- 
bourhood of wave-length 1780 while the path was reduced 
from 15 mm. to 8 mm. It was only when a length of 4 mm. 
was reached that the spectrum began to extend. From this 
point onwards the extension was much more rapid; with an 
air thickness of -5 mm. the last visible wave-length was in the 
neighbourhood of 7 1630. He carried his observations to air 


strata as thin as ‘o5 mm. and showed that under these circum- 


stances the spectrum stretched considerably beyond 2X 1600. 
As the dispersion of fluorite had not been experimentally de- 
termined at this time, Schumann’s wave-lengths were obtained 
by a process of extrapolation, a method which yielded only 
approximate results to the neighbourhood of X 1600 and 
which completely broke down on the more refrangible side of 
this region. However, measurements on the absorption of air 
carried on at Harvard University ® by a method in which the 
limiting wave-lengths could be accurately determined, have 
served to confirm Schumann’s observations to a marked degree. 

It is important to note in this connexion how short must 
be the stratum of air in order that the region in the neighbour- 
hood of X 1600 may be transmitted. Before considering the 


behaviour of the air at the more refrangible limit of the Schu- 
mann region it will be most convenient to take up the absorp- © 


tion of some of its constituents. 


isc Ann... Phy., “0; p. 418, 1908. 
2 “ Smithsonian Contributions,”’ 1413, p. 29. 
3 Lyman, “ Astrophysical Jour.,” 27, p. 89, 1908 
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Nitrogen.—Kreusler+ found that nitrogen absorbed 2°2 per 
cent at wave-length 1860; the presence of small quantities of 
nitrous oxide (NO) increased the value very considerably. 
Schumann ” states that “nitrogen proved itself very transpar- 
ent, even beyond } 1620, yet it absorbed particular wave- 
lengths very energetically.” Experiments with the grating 
vacuum spectroscope? and a vessel 9:14 mm, long (see p. 48) 
showed that at atmospheric pressure nitrogen produces a 
very slight absorption extending continuously from ~ 1800 
or thereabouts tox 1250. The strength of this absorption 
increases regularly with decrease in wave-length, but even 
at the most refrangible end of the spectrum it is very small 
indeed. The energetic, selective action mentioned by Schu- 
mann was not observed. 

Oxygen.—This gas is the dominating factor in determin- 
ing the transparency of the air. Kreusler* ascribes an absorp- 
tion of 32°5 per cent at \ 1860, 6:2 per cent at X 1930, and 
a negligible absorption at X% 2000; the column was as usual 


20°45 cm. long. Schumann makes the following statement: | 


‘Oxygen absorbs the rays in the neighbourhood of ) 1850 in 
a series of clearly resolved groups of lines fourteen in number. 
These groups, which are of band-like form, constantly ap- 
proach nearer one another with the deviation and are shaded 
off toward the red. Complete absorption is found with the 
most refrangible of them. It is this which makes the air 
opaque for all rays beyond X% 1850.” 

The work which has been done with the grating in vacuum 
has thrown much valuable light on the absorption of oxygen 


but has failed to prove the existence of these groups of lines 


near X 1850 conclusively. This failure is probably due to the 
difficulty which was experienced in obtaining a continuous 
spectrum from a discharge tube in the neighbourhood of 
dX 1850, and to the fact that, though the slit employed was a 
good one, yet it fell far short of the perfection of the slit 
employed by Schumann. : 

_ These absorption lines are of particular. interest in con- 


1 Ann, d. Phy.,” 6, p. 418, 1901. 2 Ibid. 3 Ibid. 4 Tbid. 
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nexion with the lines or bands observed by Steubing.’ This in- 
vestigator, using a mercury arc in quartz as a source and a 
quartz prism spectroscope in air, designed to give a great deal 
of light in the ultra-violet, obtained three groups of bands ex- 
tending from ) 1919 toX 1831. He attributes the phenome- 
non to the fluorescence of the layer of oxygen between the 
source and the slit of the spectroscope. These same bands 
have been observed with the vacuum grating spectroscope at 
Harvard when a mercury arc was employed as source.” Un- 
fortunately, the construction of the grating apparatus did not 
permit the observer to decide definitely whether these bands 
were really due to the fluorescence of oxygen in front of the 
slit or to the absorption of the oxygen within the apparatus. 
Very recently, Messrs. L. & E. Bloch*® have studied the 
phenomenon. They conclude that the bands are due to the 
absorption of oxygen, not to its fluorescence. | 

All the measurements on the great oxygen band carried 
out at Harvard were made with an absorption chamber of 
constant thickness (‘9 cm.), the amount of absorption being 
varied by changing the pressure within this chamber. The 
discovery of the extreme ultra-violet limit of the band was the 
most striking product of these experiments.* A discharge 
tube filled with a mixture of carbon dioxide and hydrogen 
served as source. A series of exposures was then made on 
the same plate with different pressures in the absorption 
chambers, Thus the uppermost spectrum was secured when 
the pressure in the chamber was a few hundredths of a milli- 
metre, the succeeding spectra with pressures of ‘02, ‘05, ‘07, 
‘I, ‘25, O'5 and one atmosphere respectively. The lowest 
spectrum was taken under the same conditions as the upper- 
most. The character of the band is unmistakable. With a 
pressure of ‘1 atmosphere, the more refrangible limit is not 
visible in the reproduction, though it can be just made out in 
the plate itself, but as the pressure in the absorption chamber 
is decreased this limit comes into view. Most unfortunately, 


1 Ann, d. Phy.,” 33, Pp» 572) 1910. 

2 Lyman, ‘“ Astrophysical Jour.,’’ 38, p. 284, 1913. 

3 Comptes Rendus, 158, p. 1161, 1914. 

4 Compare Plate VII, Lyman, “ Astrophysical Jour.,” 27, p. 87, 1908. 
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a more careful study of the more refrangible region is much 
interfered with by the absorption of the fluorite windows, 
which first begins to be noticeable near ) 1300. There does 
seem to be, however, some indication that another absorption 
band exists, lying in the region shut out by the opacity of the 
fluorite. Nothing definite can be said on the subject, 
however. 

The unsymmetrical character of the band is very striking, 
for, with increase in pressure, the absorption spreads much 
more rapidly toward the less refrangible side than in the other 
direction. Unsymmetrical effects of this kind are not 
uncommon. Such a band exists in chlorine, as was shown by 
Miss Ladd,! and more recently Wood ? has called attention to 
the same phenomenon in an absorption band in mercury. 

From theoretical considerations Planck predicted that for 
very strong absorption the less refrangible side of a band 
should widen more rapidly than its more refrangible limit with 
increase in pressure. Unfortunately, it is difficult to check 
the theory by experiment, for, as Kayser has pointed out, it is 
almost impossible to tell whether the movements of the edges 
of the band are real or apparent. However, it is interesting 
to note in connexion with the behaviour of this band in 
oxygen, that Larmor® has attributed the phenomenon of un- 
symmetrical widening to a variation in number of loose mole- 
cular aggregates within the gas with change in pressure. The 
formation of ozone by light of extremely short wave-length 
(see p. 66) and the volume ionization observed by Lenard * 
and by Palmer ® in the Schumann region might easily produce 
the molecular aggregates in oxygen required by the theory, 
but how the number of these aggregates changes with the 
pressure is an open question. Aside from speculation, it must 
be observed that of all gases examined in the Schumann 
region, oxygen is by far the most opaque. It is natural, 
therefore, to connect the mechanism of this great absorption 
with the photo-electric and photo-chemical phenomena just 


1“ Astrophysical Jour.,’’ 14, p. 114, IgOI. 2 Ibid., 26, p. 41, 1907. 
3 Ibid., 26, p. 120, 1907. 4°‘ Heidelberg Akad d. Wiss, Abhand.,” 28, 1910. 
5 « Physical Rev.,” 32, p.'I, III. 
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mentioned which are known to be extremely active in 
oxygen. 

Ozone.—The formation of ozone just referred to has been 
studied by a number of observers in the ultra-violet, but as 
observations on the action of Schumann light are not common, 
a description of some experiments on the subject may be of 
interest here.! 





Fics 13, 





A discharge tube of the internal capillary type, Fig. 13, 
was filled with hydrogen to about 1 mm. pressure and closed 
by a fluorite window. The tube was excited by a transformer ; 
the current in the secondary was of the order of 10 milli- 
amperes. Under these conditions the gas showed the many-line 
spectrum of hydrogen. The following experiments were then 
tried :— 

1. Half of the fluorite window was protected by a piece of 
microscope cover glass and over it was laid a bit of paper 


’ Lyman, “ Astrophysical Jour.,” 27, p. 87, 1908. 
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moistened with starch paste containing potassium iodide; in 


fifteen seconds the paper turned strongly blue where it was . 


not protected by the glass, the protected portion remaining 
perfectly unaltered. | 

2. A piece of quartz 2 mm. thick was next placed on the 
fluorite window so as completely to cover it; the test paper 
was placed on the quartz. In fifteen seconds there was a 
noticeable discoloration of the paper, but the effect was not 
neatly so well marked as in case I. 

3. A shallow vessel, B, with a fluorite bottom was next 
placed directly upon the discharge tube so that the two fluorite 
plates were in contact. The test papers placed within this 


vessel upon the fluorite bottom showed in fifteen seconds a 


discoloration only slightly less than that observed in case 1. 

4. The vessel, B, was now raised 4 mm. above the window 
of the tube; thus the light was forced to penetrate a column 
of air } mm. thick in addition to the fluorite plates; the dis- 


coloration of the paper in fifteen seconds was now very 


slight. 

5. If the vessel was removed to a distance of I mm. no 
discoloration could be observed. It is evident that the agency 
which produced the discoloration is weakened by quartz and 
is, so far as these experiments show, entirely cut off by 1 mm. 
of air. There can be but little doubt that the agency is light 
of a shorter wave-length than 2X 1850. 

A more elaborate experiment was next undertaken. A 
discharge tube had cemented upon its fluorite window a 
chamber, B, F ig. 14, o°7 cm. thick; this chamber in turn was 
closed by a fluorite window which carried a second shallow 
vessel, C, o'1 cm. thick. This last vessel was connected to a 
manometer column which dipped in strong sulphuric acid. 
The function of the chamber, B, was to serve as a screen of 
variable transparency, and to this end it was connected to a 
mercury pump and McLeod gauge. The discharge tube was 
filled with hydrogen at about I mm. pressure. The vessel, C, 
was filled with oxygen at atmospheric pressure. No change in 
the manometer column was observed when the discharge tube 
was excited. It was only when the pressure in B had been 

5 * 
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reduced to about 1 cm. that the acid in the manometer column 
began to rise, but this rise continued to increase as the pressure 
in B was reduced step by step. Care was taken to correct as 
far as possible for heat effects. | 

The results with this more complex apparatus serve to 
corroborate the results of the simpler experiment. There 
seems to be no doubt that light of wave-lengths shorter than 
X 1850 acts to produce chemical action energetically, and that 
this action increases considerably in strength with decrease in 
wave-length in the region more refrangible than X 1850. It 
must be remarked, however, that the starch-paper test cannot 
distinguish any more than the manometer between the produc- 
tion of ozone and hydrogen peroxide. The gas formed may 
be either the one or the other. 

As to the absorption of ozone in the extreme ultra-violet, 
Schumann remarks,’ speaking of oxygen, “Ihe pressure of 
a moderate amount of ozone did not alter the absorption at 
all.” Experiments with the grating spectroscope confirm this 
statement.’ 

Carbon Dioride—Kreusler * attributes 13°6 per cent absorp- 
tion to this gas at X 1860, Schumann ‘states that the absorption 
spectrum is similar to that of oxygen with an indication of a 
“rhythmical series in the shape of inverted groups of lines, but 
the end of this series is considerably more refrangible than 
that of oxygen. Accordingly, total absorption begins at a 
shorter wave-length.” The observations made with the vacuum 


grating spectroscope are in very fair agreement with the state- 


ment made by Schumann, except that the rhythmical series 
were not observed near 7 1850. here were also some indi- 
cations that maxima and minima of absorption do occur con- 
siderably on the more refrangible side of this position. 

Carbon Monoxide.-—According to Schumann,’ this gas ab- 
sorbs the most refrangible rays somewhat less than carbon 
dioxide and gives, like oxygen, a series of rhythmical, inverted 
groups of lines. The clearness and sharpness of these lines 


1¢* Smithsonian Contributions,’’ 1413, p. 16. 2 Lyman, loc. cit. 3 Ibid. 
4‘ Smithsonian Contributions,’’ 1413, p. 16. 5 Ibid, 
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are less than with oxygen but far more perfect than with carbon 


dioxide. 

On the other hand, results obtained with a grating show 
that the absorption is very characteristic and quite unlike that 
of oxygen, at least in the more refrangible part of the Schu- 
mann region. There seems to be very little action from 
® 1850 to A 1600, but from X 1650 to AX 1250 eight separate 
bands exist. The maxima occur near X 1548, 1512, 1482, 
1450, 1423, 1395, 1370, 1345. For any given pressure the 
bands decrease in width with decrease in wave-length. As 
the pressure is reduced, each band contracts, but even ata 
value of o°1 of an atmosphere, all the bands are still distinguish- 
able. They do not correspond to any lines or groups of lines 
in the emission spectrum of the gas. At least two of the bands 
seem to coincide with those observed in carbon dioxide. The 
limit of the spectrum, as shown in the illustration, is not due 
to absorption but to the character of the source of light. 

As in the case of oxygen, the lack of a continuous spectrum 
in the source near X 1850 probably accounts for the failure 
to detect the rhythmical groups of lines with the grating. 
Schumann confined his attention in almost all his absorption 
work to the region on the less refrangible side of ) 1600; this 
may explain the fact that he did not observe the characteristic 
bands just mentioned. 

The absorption of carbon monoxide is very different from 
that of any other gas which has been investigated in the 
Schumann region. All the experiments with the grating were 
made with a single gas thickness of ‘91 cm. Longer gas paths 
should yield interesting results. 

Flelium.—This substance has been investigated only with 
the grating vacuum spectroscope.? In thicknesses of ‘g1 cm. 
at atmospheric pressure, the gas shows no observable absorp- 
tion in any part of the spectrum between X 1900 and X 1250. 
Experiments with a gas path of 6°5 cm. at 3 of an atmosphere 
show that helium is quite as transparent as hydrogen under 
the same conditions. 


* Compare Plate VII, Lyman, “ Astrophysical Jour.,’’ 27, p. 87, 1908. 
2 Lyman, loc. cit. 
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Argon.—This substance also has been tested only with the 
apparatus at Harvard. It shows no observable absorption 
between 2A 1900 and X 1250 ina column of ‘gt cm. long at 
atmospheric pressure. 

flydrogen.—Schumann! recognized that the transparency 
of hydrogen was uncommonly great. Upon this observation 
is based the procedure of washing vacuum spectroscopic ap- 
paratus with this gas. He calls attention to the fact, however, 
that it is extremely difficult to obtain information on the 
behaviour of thick strata of the gas because of the impurities 
communicated to it by the walls of the containing vessel em- 
ployed. ‘‘These impurities affect the transparency of the 
hydrogen more proportionally than they would that of other 
gases, precisely because its transparency is so extraordinarily 
ereat.. 2 | 

The results obtained with the vacuum grating spectroscope 
were in good agreement with these facts. When the gas was 
used in the ‘91 cm. absorption chamber at atmospheric pres- 
sure, it exercised no observable absorption. 

An attempt was made to study its behaviour in long 
columns by introducing it into the spectroscope itself; in this 
case the path was about 200 cm. Here the gas was prepared 
from zinc of great purity and hydrochloric acid and was 
carefully dried ‘by phosphorous pentoxide. Spectra taken 
through this gas at pressures of I to 5 cm. show an absorption 
band near > 1700, which, as it decreased with successive 
changes in the gas filling, evidently was due to some impurity. 
This contamination of the gas probably arose from the brass of 
which the spectroscope is made, since all connecting tubes are 
of glass. A weak spot in the spectrum between X 1300 and 
® 1330 was observed with the lowest pressures in the receiver 
and was always present. It is impossible to say whether this 
is a true absorption band or if it is a characteristic of the 
emission spectrum of the source of light itself. 

At pressures near one atmosphere the absorption was con- 
siderable, the end of the spectrum being in ithe neighbourhood 


16 Ann, d. Phy.,” 4, ps 642, 1901. 
2 « Smithsonian Contributions,” 1413. 
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of 1600. Here again it is impossible to say whether this 
action is a property of hydrogen, or whether it is due to the 
presence of some impurity. A small trace of oxygen, for 
example, would account for the result. To make the experi- 
ment conclusive it would be necessary to work with a spectro- 
scope which could be made chemically clean. This condition 
would be very difficult to fulfil. The longest gas path which has 
been examined under conditions which reduced the chances of 
contamination toa minimum was6°5 cm. Here‘ the light from 
a spark contained in a glass vessel passed through hydrogen at 
atmospheric pressure. A number of spark spectra, extending 
nearly to the limit set by the transparency of fluorite, were 


. obtained in this way. The experiment illustrates the great 


transparency of hydrogen. 
Water Vapour.—Data on this substance in the extreme 
ultra-violet are lacking. Schumann did not succeed in ob- 


taining any information. Experiments with the crating 


apparatus indicated a maximum of absorption between d 1700 
and x 1600, with some promise of transparency on both sides 
of this region, but the results are rather doubtful. The 
formation of opaque films of water on the windows of the 
absorption cell is the factor which causes the uncertainty. 

Kreusler? has shown that both nitric and nitrous oxides 
possess strong absorption in the ultra-violet. His measure- 
ments on the former substance give 88°4 per cent at 
® 2000. 

In conclusion, it is of interest to return to the absorption of 
tne air. It appears that the absorption of carefully dried air 
can be described as due to the absorption of the oxygen and 
nitrogen which it contains. As might be expected, it is 
more transparent than oxygen, for, while with oxygen at 
atmospheric pressure and a path of o-g1 cm., the last visible 
wave-length is near % 1760, for air under similar circum- 
stances itisnearX 1710. Moreover,in air asin oxygen the ab- 
sorption is in the form of a band. There is one difference to 
be observed, however, between the action of the gas mixture 
and that of the element, for with air the more refrangible end 


1 Lyman, “ Astrophysical Jour.,” 35, p. 344, 1912. 2 Loc. cit. 


a Sa eA 











"2 _ THE SPECTROSCOPY: OF 


of the band is rather indistinct, while with oxygen at a corre- 
sponding pressure it is extremely sharp. This effect is 
Probably due to the presence of nitrogen, whose absorption, 
though very slight, is yet enough in the region of shortest 
wave-lengths to account for the result. It seems improbable 
that such traces of ozone, carbon monoxide, and carbon 
dioxide as are ordinarily to be found in the atmosphere can 
have any marked effect upon its absorption for the part of the 
spectrum under consideration. Moreover, from experiments 
on dry and moist air, the effects of such quantities of water 
vapour as occur in the air of a laboratory seem to be nearly 
negligible. It must be remembered, however, that in treating 
the absorption of the atmosphere for light less refrangible 
than 2% 1900, these statements may not be true. 

Finally, it is of considerable interest to inquire what 
inference may be drawn from the available data as to the 
transparency ofthe air for light of even shorter wave-length 
than that which has been recorded uP to this time by spectro- 
graphic investigation. 

Unfortunately, nothing very definite can be said on the 
subject. The fact that the ultra-violet limit of the absorption 
band in oxygen appears to spread in both directions with 
decrease in pressure points to the existence of a second region 
of absorption beyond the point at which fluorite becomes 
opaque. Moreover, as far as the data now at hand are 
concerned the absorption of nitrogen seems to increase rather 
regularly with decrease in wave-length. These facts taken 
together would indicate that no great improvement in the 
transparency of the air for light more refrangible than X 1250 
is to be expected. On the other hand, since the limits of one 
oxygen band have been discovered, it seems not improbable 
that if a second band exists, it too will have its end; more- 
over, it is perhaps legitimate to surmise that the aheoration of 
nitrogen is in the form of a band, and that for very short 
wave-lengths this gas also may regain its transparency. 

The absorption of the air is one of the important factors 
which determine the present limit of the spectrum in the 
extreme ultra-violet. A consideration of the part played by 
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the other agents which determine this limit will be found on 
LOO; 

Before leaving this subject it is well to remind the reader 
that data on the dispersion of gases lead theoretically to a 
knowledge of the position of their absorption bands. Unless 
the dispersion curve is determined for a long range of the 
spectrum, however, the position of the band is not trustworthy. 
The calculated position for the oxygen absorption band rest- 
ing on the Cuthbertson’s! data is a good illustration of this 
fact.” 


#<* Proc. Roy: Soc, A: 83,:p; E55, Toro. 
* Dember, “ Verh. Deutsch. Phys. Gesell.,” 15, p. 564, 1913. ! 




















CHAP TR LE 
EMISSION SPECTRA OF GASES. 


H VDROGEN surpasses all other gases in the wealth and strength 
of lines in the Schumann region; these lines extend from 
» 1675 to the very end of the extreme ultra-violet near > 900. 
The general appearance of the spectrum was first investigated 
by Schumann to the point where fluorite absorbs strongly. 
Later, the spectrum was extended to its present limit with 
the vacuum grating spectroscope at Harvard and the wave- 
length of a great number of the lines was determined for the 
first time. These wave-length measurements form the only 
standards at present available in the extreme ultra-violet. 
They are given in Table I of the Appendix. 

A comparison of the original prism spectrograms with the 
normal spectrum from the grating has been made; it not 
only proved the identity of the two spectra but has served to 
supply the beautiful plates of Schumann with a scale of wave- 
lengths.? This comparison was carried out in the following 
manner: the twelve plates of Schumann reproduced in the 
Smithsonian Memoirs were cut out and put together. The 
resulting spectrum, some 127 cm. long, was placed on a movable 
stand and the grating spectrum was projected upon it by means 
ofalens. By changing the magnification so as to keep step 
with the dispersion, the strong lines on the one spectrum were 
identified with those in the other from 2» 1674 to xX 1269 
without the least difficulty. From the values thus obtained 
interpolation curves were drawn for each of Schumann’s twelve 
plates separately, and by means of these curves a scale of 
Angstrom units was attached to each of the twelve illustra- 
tions, Except for a short range of some fifty or sixty 


1 See Frontispiece, No. 3. 
2Lyman, “Astrophysical Jour.,’’ 23, p. 204, 1906, Plates XII, XIII, XIV; 
‘‘ Memoirs Am, Academy,”’ XIII, No. III, Plates III, IV, V. 
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Angstréms at the less refrangible end of the spectrum, the 
values read on the scale differ from those in the table by not 
more than °3 of a unit. 

Of the 285 lines given in the tables all but three or four 
are found in Schumann’s plates. There are, however, a great 
number of fainter lines in the prismatic spectrum not visible in 
the plates obtained with the grating. Moreover, owing to the 
fineness of the slit, and the great dispersion used by Schumann, 
some of the single lines of the table are seen, by comparison 
with the prismatic spectrum, to consist of doublets or triplets. 

The excellent agreement between these two spectra ob- 
tained under such different conditions makes the existence of 
any chance impurity very improbable. 

The extreme limit in Schumann’s map has the value 
> 1266:9. That author has stated that he obtained some 
lines too faint to reproduce; from the angles given®* it is 
difficult to calculate their exact wave-length, but it seems 
improbable that they should have a value much below 2X 1230, 
since even thin plates of the best fluorite become opaque at 
this point. In this connexion it will be remembered that the 
calculation of Martins from the Kettler-Helmholtz formula for 
fluorite was not far from this. 

Hydrogen possesses two distinct spectra in the visible 
and ultra-violet; of these, the primary spectrum consists of 
relatively few lines; it is enhanced when a disruptive dis- 
charge is used. The secondary spectrum, on the other hand, 
is made up of a vast number of lines and is observed to best 
advantage when a continuous current is employed. The 
position of the lines of the common primary spectrum may be 
very exactly represented by the formula due to Balmer, the 
secondary spectrum is far more complex and has defied 
analysis up to the present time. 

The hydrogen spectrum in the Schumann region, now 
under discussion, resembles the ordinary secondary spectrum 
in its complexity, but it is separated from it by a gap extend- 


ing from X 2483 to \ 1675 ; thus it appears to enjoy a separate 


existence. However, as the gap is filled by a continuous 


1¢¢ Smithsonian Contributions,’’ 1413, p. 24. 
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background apparently produced by hydrogen itself, the 
separation may be more apparent than real. 

Attempts have been made to find a primary hydrogen 
spectrum in the extreme ultra-violet. To this end Schumann 
introduced a spark gap in series with the discharge tube and 
a capacity in parallel with it; the strong disruptive discharge 
which resulted yielded the primary spectrum in the visible, 
but in the region between 2» 2000 and x 1250 no new lines 
made their appearance which could be ascribed to hydrogen. 
The effect of capacity was simply to weaken and blur the 
secondary spectrum. Later,’ during an investigation of spark 
spectra, Schumann discovered some lines common to all 
metals he investigated. He attributed these to the hydrogen 
in which the spark was produced. He believed these lines 
differed in character from members of the many-line spectrum 
which has just been discussed. Unfortunately, he did not 
give the position of the new lines, 

AA long series of experiments with the grating spectro- 
scope* confirmed the observation that the introduction of 
capacity weakens the spectrum. Certain lines were found 
with the disruptive discharge which were absent under the 
normal conditions, but these lines were generally ascribed to 
impurities from the electrodes or from the walls of the tube. 
The behaviour ofa line near X 16 50, however, with changing 
conditions of the experiments could not be readily recon- 
ciled with the explanation, but, on the other hand, it could 
not be confidently asserted that this line formed a member of 
a primary spectrum of hydrogen in the Schumann region, 
Experiments with sparks in an atmosphere of hydrogen 
absolutely failed to confirm the observations of Schumann. 
Such few lines as were common to the many spectra obtained 
could be directly traced to common metallic impurities. 

The absence of a primary spectrum in the region limited by 
the transparency of fluorite may be predicted in a general way 
from theoretical grounds. Thus, lines which constitute the 
primary spectra of hydrogen in the infra-red, the visible and 


1 Schumann, “ Astrophysical Jour.,”? rz, Pp. 312, goo. 
2 Lyman, ibid., 33, p. 98, I9II. 
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the ordinary ultra-violet, may be very approximately repre- 
sented by the following formule :— 


I, First principal series i C {a — arm} m= 1, 2, 3. 


I I 
II. Second _,, ne n=C {= _ oe i = 2,3, 4. 


ee cae 

Ae a So apy oe 
I I 

n=C B~ Gay = 23s 4 
I I \ 

n= CLR - greaph m= 345. 


Here C is the general constant 109,675 derived from the 
Balmer or Diffuse Series as given in Equation III. This 
relation represents the observed lines up to m = 30, practically 
within the limits of error; the remaining equations are less 
correct. Fowler” has succeeded in observing the lines in the 
first two Principal Series and in the Sharp Series with a 
terrestrial source. The nature of these lines is still disputed ; 
they are ascribed by some investigators to helium rather than 
to hydrogen. Two members of the Infra-red Series have been 
observed by Paschen. | 

Ritz * has shown how, by making certain permutations, the 
formule for the Principal, Diffuse, and Sharp Series just given 
can be made to yield new relations which should represent 
new series in the Schumann region. The expression corre- 


III. Diffuse series 
IV. Sharp _,, 


V. Infra-red series 


I 
sponding to the Diffuse Series has the form z = C i = 2 : 


a Sharp Series in the extreme ultra-violet might be given by 


I? 


I I aoe 
n~=C { ~ ore and a Principal Series by z = C 


(= - a and so forth. Of these three new formule only 
the one which relates to the Sharp Series gives a term in that 
part of the Schumann region bounded by the transparency of 
fluorite, the lines belonging to the other series lying on the 
more refrangible side of this region. Therefore, if the specu- 
lations of Ritz represent the true state of things, it is not 


1 Fowler, ‘‘ Roy. Astron. Soc.,’’ Monthly Notices Lxxu1. No. 2, 1912. 
2 Tbid. ‘Ann d. Phy.,”’ 25, p-607, 1906. 
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reasonable to expect that the primary spectra of hydrogen 
should be represented by more than one line in the region 
between X 1850 and A 1230. 

It is very interesting to note that the formula ” = C 


{; I yields. lines. at “A 12156 and xX 1025-7 for 


Te 900 

m= 2andm=3. Now the position > 1215°6 lies beyond 
the.limit set by the absorption of fluorite, so that a verification 
of Ritz’ prediction necessitated an experiment with a dis- 
ruptive discharge and an apparatus in which no fluorite oc- 
curred in the light-path. Such an experiment presented serious 
technical difficulties. Within the last few months these diffi- 
culties have been overcome, and it has been possible to examine 
the disruptive discharge in hydrogen under the desired condi- 
tions with the vacuum grating spectroscope. As a result of 
the investigation it was found that a line at \ 1216, which is 
present in the secondary spectrum, is much broadened and 
intensified when a disruptive discharge is employed, while the 
other lines in its neighbourhood are enfeebled and blurred. 
The position of X% 1025°7 is so near the extreme limit of the 
spectrum that it is difficult to make a positive statement. 
However, there appears to be a very faint diffuse line in the 
correct position. 

The new work with the disruptive discharge has been 
chiefly of interest in connexion with the extension of the 
spectrum from the former limit obtained with the grating at 
» 1030 to the new limit at \ 905. Improvement in technique 
resulted in a considerable increase in the length of the spectrum 
even when a non-disruptive discharge was used, but the most 
refrangible lines so far observed have been obtained only when 
a condenser and spark gap were introduced into the circuit with 
the discharge tube. Under these conditions several sharp 
lines were obtained which did not occur at all with the milder 
form of excitation. One of these forms the present limit of 
the spectrum in the extreme ultra-violet. It is impossible at 
present to say if the new lines belong to hydrogen or if they 
are due to some impurity torn from the tube or the electrodes 
by the violence of the discharge. 
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Returning to the secondary spectrum between > 1675 and 
dX 1250, it is important to observe that, though under ordinary 
circumstances it presents a bewildering complexity of lines, 
yet under some conditions it is capable of very striking simpli- 
fication.1 This simplification consists of the intensification of 


certain groups which always occur in the many-line hydrogen 


spectrum. The phenomenon occurs when hydrogen is mixed 
with a great quantity of argon; it appears to be an example 
of the action of one gas on the spectrum of another. The 
details of the effect are as follows :— 

If argon containing a trace of hydrogen at a pressure of 
2 or 3 mm. is enclosed in a tube with aluminum electrodes, and 
if no capacity is introduced in the circuit, a characteristic 
spectrum is obtained. It consists of five groups, each group 
containing five rather strong lines. These groups begin 
near X 1650 and extend to X% 1450. They are all similar in 
appearance, but they are not all identical in constitution. The 
distance between the lines in a group is of the order of from 
one to four Angstrém units. If the last trace of hydrogen is 
removed from the argon, this spectrum disappears. Nitrogen, 
oxygen, and helium containing a trace of hydrogen and ex- 
amined in a tube with aluminum electrodes do not produce 
these groups. If the argon and hydrogen are examined ina 
tube with iron electrodes, the intensity of the groups is very 
much reduced ; if electrodes of copper are employed, the lines 
are extremely feeble. Under any circumstances, they are 
destroyed by the introduction of capacity. The most impor- 
tant fact in connection with these groups is that they are always 
found in the spectrum of pure hydrogen, no matter how this 
gas is prepared nor what electrodes are employed. Ordinarily 
they are superposed upon a great number of other lines 
but they may be readily distinguished from the rest of the 
spectrum. All the groups can be identified in the reproduc- 
tions of spectra published by Schumann; the group which lies 
between 7 1590 and X 1600:is the most striking, for at this 
point of the spectrum it is not obscured by the presence of 
other strong lines. That these groups are not due to some 


* Lyman, “ Astrophysical Jour.,” 33, p. 105, gz. 


























80 THE SPECTROSCOPY OF THE EXTREME ULTRA-VIOLET 81 


impurity common to all the electrodes employed has been 
proved by using terminals of very pure silver. The spectrum 
of hydrogen obtained with these electrodes is identical in every 


lines in the fourth, fifth,and sixth groups show approximately 
the same second difference :— 
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five years at Harvard and it was present in the hydrogen used 2 
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° e 4 

It is conceivable that groups of this type may be present in 5 


the spectrum of argon, containing a trace of hydrogen, in the 


_ visible and ultra-violet regions. At first sight, therefore, a 


suspicion might exist that the “Groups of Four” observed by 
Rydberg* in argon might in reality be connected with hydro- 
gen, but a comparison of the measurements of the argon and 
hydrogen spectra shows that such a suspicion is without 
foundation. 

Kayser has observed lines belonging to the spectrum of 
aluminum in the spectrum of argon when aluminum was used 
for electrodes, but it is obvious from what has just been stated 
that the ‘“‘ Groups of Five” observed in the Schumann region 
cannot be supposed to have a metallic origin. 

It appears plausible that these groups constitute a separate 
spectrum of hydrogen which usually occurs superposed on the 
secondary spectrum in the Schumann region but which may 
be separated from it under favourable conditions. ‘The follow- 


| 
are due to some impurity in the gas itself} such an impurity 
| 
| 
| 
| 
| 
| 


ing table gives the wave-lengths and the frequencies e A 


study of these figures suggests a relation of constant second 
differences between the vibration numbers of homologous 


lines, but it appears that the accuracy of this relation is not_ 


quite within the limit of error of the measurements if all five 
groups are taken into consideration. Homologous lines in the 
first three groups show constant second differences which 
agree well within the limit, but when the third, fourth, and 
fifth groups are combined, a smaller value for the second 
difference is obtained. It will be noted, however, that all the 


1 Kayser, ‘* Handbuch,” II, p. 577. 
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Fifth line . yap tea “see 314 250 243 
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The wave-length of the line near » 1 547°0 is somewhat in 
deubt. Schumann’s spectrograms show a complex group at 
this point. Some uncertainty is also introduced by the feeble 
nature of the fourth group; in fact, its first line is lacking 
probably because of its faint character. The fifth and strongest 


group contains faint lines at A” 1436°3 and v1 434°3 whose 
counterparts cannot be recognized in the other groups. 


The Rule of second differences is generally connected with 
band spectra. It is interesting to find that such a relation 
has been detected by Nicholson! in the measurements of 
Dufour? on the secondary spectrum of hydrogen in the visible 


and ultra-violet. Fulcher? has isolated some of these lines or 


bands, 


* Nicholson, “ Monthly Notices, Roy. Astron. Soc.,” Mar., 1914, p. 427. 
* Dufour, ‘ Jour. d. Physique,” Pp. 258, Tg09; “Ann. ‘Chim. Phys.,”’ p. 416, 
1906. i 7 
* Fulcher, “Astrophysical Jour.,” Jan., 1913. 
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Oxygen.—Schumann' states that the spectrum of oxygen 


_ “is compounded of three continuous maxima of which the 


most refrangible is the strongest. It lies about % 1850. The 
observation of these maxima is attended with considerable 


difficulty on account of their slight photographic efficiency and 


because of the bands of oxide of carbon which appear with 
them.” Steubing? has investigated the emission of oxygen at 
the edge of the Schumann region, and has found a series of 
lines or bands identical with those which he attributed to the 
fluorescence of the gas. He believes that these sharp emission 
lines are related to the continuous maxima mentioned by 
Schumann. 

Oxygen has been repeatedly studied with the vacuum 
grating spectroscope ® under various conditions. No lines or 
bands were observed between X 2000 and 1230. The strong 
absorption of the gas in the part of the vacuum tube between 
the capillary and the window may account for the result. 

The continuous maxima observed by Schumann are, un- 
doubtedly, a real phenomenon. The reality of the sharp 
emission lines observed by Steubing has been questioned by 
Kayser. 

On the edge of the Schumann region the most refrangible 
known lines are those measured by Schneiderjost * at ) 2112°4 
for the compound spectrum and X 2224°5 for the line spectrum. 

Nitrogen.—TVhis gas possesses a band spectrum extending 
throughout the ultra-violet. In the Schumann region “ its 
emission spectrum consists of a number of groups of bands of 
moderate photographic power, shading off toward the shorter 
wave-lengths and ending on the less refrangible side of) 1850,” ® 
Here the words “ shading off” probably refer to the change 
of intensity from band to band. 

It has been possible to follow these bands with the grating 
spectroscope to the region of X 1380.° They are faint, their 
heads being directed to the more refrangible part of the 

1 ¢ Smithsonian Contributions,” 1413, p. 16. 
266 Ann, d. Phy.,’’ 33, p. 553, IQIo. 
3 Lyman, ‘“‘ Astrophysical Jour.,”’ 33, p. 98, 1911. 


4 Kayser, ‘“‘ Handbuch,” VI, pp. 212-18. 
5 Schumann, loc. cit. 5 Lyman, loc, cit. 





. “vanes a me 


POLS OO 





THE EXTREME UOLTRA-VIOLET 83 


spectrum ; their wave-lengths are given in Table II. They are 
seen to best advantage when the discharge tube circuit is 
without capacity. | 

When a disruptive discharge is used the band spectrum 
disappears and two pairs of sharp lines become the dominant 
feature of the spectrum. ‘These lines have been ascribed to 
nitrogen since, though they occurred in several gases with a 
condenser discharge, yet they became weaker as traces of 
nitrogen were removed, Recently Wolff states! that he has 
obtained the less refrangible of these pairs in the spark spectra 
of silica,and more faintly in aluminum and carbon. He at- 
tributes this pair, therefore, to silica. Now, in the spectra 
from vacuum tubes the results obtained with a condenser dis- 
charge are always somewhat difficult to interpret because of 
the contamination of the gas due to the disintegration of the 
glass. ‘Therefore, Wolff's explanation is very plausible. On 
the other hand, it may well be that when these lines are found 
in the spark they occur as “ Air lines,” and are due to the 
medium which surrounds the electrodes, not to the electrodes 
themselves. Certain it is that these lines occur? far more 
strongly in an aluminum spark in air than an aluminum spark 
in hydrogen. They also occur with a barium spark when the 
metal was free from silica in an atmosphere of helium which 
was known to contain nitrogen. 

The most refrangible line of nitrogen outside the Schumann 
region occurs at X 2052°7.3 

Oxides of Carbon.—In the extreme ultra-violet the spectra 
of two gases only are readily obtained; the one is due to 
hydrogen, the other to a compound of carbon. This latter 
spectrum consists of a great number of bands; it appears to 
begin in the ultra-violet near ) 2100 and extends to the 
neighbourhood of ) 1300. It was early recognized by Schu- 
mann. It has also been studied with the grating spectroscope ; 4 
the resulting wave-length measurements are given in Table III. 


3 Anns ds -Phy..)-42,.0..935) 1013) 

* Lyman, “ Physik. Zeitsch.,” 13, p. 584, 1912. 

* Kayser, ‘‘ Handbuch,” V, p. 834. 3 

* Lyman, ‘ Proc. Am. Acad.,” 45, p. 315, 1910. 
6 * 
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These data are valuable since they afford points of reference in 
the region between \ 1854 and A 1675 where few lines exist. 

The appearance of the spectrum is shown in Plate VIII, 
Volume 13, of the “Memoirs of the American Academy.” It 
is marked “ Air,’ because the carbon compound which gives 
rise to it is usually found in discharge tubes which have been 
exhausted for the first time. The bands are most intense m 
the less refrangible region, but they are all of the same general 
type with heads directed toward the region of shorter wave- 
length. The strongest bands are evidently double. The 
system, at least throughout its less refrangible part, forms a 
continuation of the “ Fourth Group” as-described by Deslandres 
in ‘his paper, “Spectre de bandes ultra-violet des composés 
hydrogenés et oxygénés du carbone.’* The spectrum under 
investigation is thus related to the series‘of bright bands in 
the visible and the ultra-violet attributed to carbon monoxide 
and -often observed in ill-prepared vacuum tubes. | 

It is only too easy to obtain the bands in the region of 
short wave-lengths, for, to quote Schumann himself,’ they are 
“the unwelcome attendants of all my spectra.” In order to 
determine the cause of the phenomenon, however, experiments 
were made with both-carbon monoxide and carbon dioxide and 
with a variety of conditions in the discharge tube. The results 
of these experiments may be stated as follows: Exactly the 
same bands are obtained when carbon monoxide is used as 
when carbon dioxide is employed, but in the former case the 
strength of the whole spectrum is considerably greater than in 
the latter. With increased current strength from a transformer, 
between five and twenty milliamperes, the intensity of the 
bands increases in ‘a ‘uniform manner throughout the extent of 
the spectrum. Whena spark gap is placed in series with the 
tube and a condenser is introduced in such a way as to pro- 
duce a disruptive discharge, the spectrum at first weakens and 
then vanishes altogether. 

The effect is accomplished by a very marked decrease in 
pressure in the tube and by the formation of a dark deposit 
on the walls of the capillary. These experiments go to con- 


"Loc. cit., p. 16. 


1« Comptes Rendus,” 106, p. 842, 1888. 
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firm the results of Schumann, as they show that the spectrum 
is. due to carbon monoxide. The occurrence of the bands 
when carbon dioxide is present may be explained: by the fact 
that this gas is known to be transformed into: carbon monoxide 
under the influence of light and the electric discharge.t The 
disappearance of the spectrum: with the disruptive discharge is 
due to: the destruction of the carbon monoxide. The oxygen 
set free by the reaction seems to combine with the electrodes, 
while the carbon is deposited. This property of a condenser 
discharge is useful, since it permits the spectroscopist to: free 
his. apparatus of an annoying impurity. The decrease in 
pressure which accompanies this reaction is often a. striking 
and important phenomenon. 

In addition to their value as standards of wave-lengths the 
results are of some theoretical importance. Deslandres im the 
paper just quoted has. used his measurements of the carbon 
spectrum to test his “Rules”. As the spectrum under dis- 
cussion seems to form a continuatiom of that described by 
Deslandres, it is interesting to see if its bands also show the 
numerical relations described by the earlier investigator. In 
making the comparison, however, it is: necessary to: confine the 
attention to those relations which deal with the heads: of the 
bands, for the dispersion employed did not permit of the: study 
of the lines of which each band is composed. It must also be 
remembered that the region of high frequencies is not perfectly 
adapted to such a test, since a small error in the wave-length 
is magnified in relations which: deal with frequencies. 

The laws: under discussion are two in number: first, that 
a group of bands may be broken up into sets of series such 
that the differences in frequency of the heads of the bands: in 
aly one series form an arithmetical progression; second, that 
all the series are similarly constructed. The first rule may 
obviously be stated in another way—the second: differences 
of the frequencies of the heads of the bands im any one series. 
are constant. 

Deslandres has analysed his ‘“ Fourth Group” into five 
series, characterized by small and not very regular second 


! Hirchefinkel, ‘‘ Comptes: Rendus,” r49, 395, Igo: 
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differences. With the aid of the measurements in the ex- 
treme ultra-violet, it has been found possible to follow the 
arrangement into the region between X 2000 and 2% 1600 and 
to add seven new series of the same type. , 
On the more refrangible side of ) 1600, however, matters 
are not very satisfactory. The bands must be arranged into 
series showing very large second differences which are only 


_ approximately constant. These series might be considered 


as constituting a ‘ Fifth Group.” 

The spectrum contains a great many bands which are 
either too feeble to measure or whose positions are made 
uncertain by the tails of stronger bands; if these could be 
included in the series a better system would probably result. 

fTelium.—This gas has been investigated with the grat- 
ing spectroscope in a vacuum tube! at pressure varying from 
17 mm. to I mm. and with continuous currents and a disrup- 
tive discharge. The results were negative. No line could be 
attributed to helium in the region between X 2000 and \ 1250, 
This conclusion has recently been confirmed, in part, by 
Wolff? It must be noted, however, that when an aluminum 
spark is produced in helium at a pressure of about # of an 
atmosphere, two lines which could not be attributed to alu- 
minum made their appearance. One was of great intensity ; it 
occurred at > 1656°8; the other was less strong, its wave- 
length being ) 1561'2. The first line has been observed very 
faintly with the aluminum spark in air and with calcium in 
hydrogen ; the second has also been found faintly in calcium. 
It seems probable that these lines are due to an impurity, 
but.it is curious that they should be so greatly enhanced in 
helium, 

The most refrangible line recorded in the helium spectrum 
has the value 7 2644:9.8 

Argon.—This gas has been studied with the grating.‘ 
The wave-lengths corresponding to the “blue” spectrum 
obtained with pressure of 1 or 2 mm. and a disruptive dis- 
charge are to be found in Table IV. The lines, thirty-nine 


1 Lyman, loc. cit. 4, LOG, Cit. 
° Kayser, ‘‘ Handbuch,”’ V, p. 518. 4 Lyman, loc. cit. 
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in number, extend from »X 1886 to »X 1333. They present 
nothing very striking either in relative position or distribution 
of intensity. 

Only three lines have been obtained when the gas was 
examined at high pressures (I or 2 cm.) with a disruptive 
discharge. This procedure results in the so-called “ white” 
spectrum in the visible. Of the three lines, two are also 
found in the blue spectrum, and the third, at \ 1850, nearly 
coincides with the mysterious line which is obtained in 
hydrogen with a condenser discharge; it may well have been 
due to a trace of that gas which happened to be present in 
the particular sample of argon under investigation. 

There is nothing corresponding to the “red” spectrum in 
the Schumann region. 

In this connexion it is interesting to contrast the be- 
haviour of hydrogen with that of argon. With the former 
gas, a characteristic line spectrum is produced when no 
capacity is included in the circuit, while with a disruptive dis- 
charge these lines almost completely disappear and no new 
ones take their place, at least on the less refrangible side of 
» 1300. With the latter gas, just the opposite conditions 
prevail. Argon gives no lines in the Schumann region when 
the circuit is without capacity ; it is only with a disruptive 
discharge that its characteristic lines appear. 

The most refrangible line’ on the edge of the Schumann 
region has the value > 2050°5; it belongs to the blue spec- 
trum. 


1 Kayser, ‘‘ Handbuch,” V, p. 74. 
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ceeded in obtaining such brilliant results. Had not. illness 
overtaken him, he would have doubtless returned to. the sub- 
4 | 3 ject. of the emission of solids. 

| 





| | | ee The early work at Harvard added. neadis anything to the 
| 4 knowledge of spark spectra, for the extension of the hydrogen 
| Ee eee fee i “tena and the m ement of its lines fully occupied the 
il CHAPTER ITV. qy spectrum and the measuremen : | 
| lie Sar cnaes : icin of the observer. Handke,' in Berlin, was. the first 
EMISSION SPECTRA OF SOLIDS. a to make systematic measurements, Using a vacuum: prism | 


¢ spectroscope of the Schumann type, he attached to it a vacuum 





THE spark and arc spectra of most metals are particularly 
rich in ultra-violet radiation; very complete tables of the 
wave-lengths of their lines exist to the region of % 2000, and, 
in a number of cases, measurements have been carried to the 
limit set by the absorption of the air. In fact, for a long time 
the pair of lines in the spark spectra of aluminum, first observed 
by Stokes, formed the limit of the known spectrum. in the ultra- 
violet. 

Very early in his researches Schumann! studied the spark 
spectra of a great number of metals, but he gave no wave- 
lengths for the lines he discovered, and his apparatus, which 
at that time was crude, did not permit him to follow the 
investigation much beyond the limit attained by Stokes. 
Later, when he had perfected his spectroscope, he returned to 


successful, probably because he tried to work with the hydrogen 
at low pressures, a procedure which greatly weakens metallic 
lines. He soon abandoned the spark as a source of light and 
turned his attention to the discharge tube with which he suc- 


*«* Ber, Akad. Wis. Wien.,” 102, IIa, p. 438. 

* Kayser, ‘‘ Handbuch,” III, p.: 339. 

3“ Ber. Akad. Wis. Wien.,” 102, Ila, p. 438. 
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tube of the form used at Harvard. This tube was filled with 
hydrogen and served to produce a standard spectrum. The 
spark was formed in air in such a way that the light passed 
through the discharge tube before entering the spectroscope: 
Thus the extent of the spectra was limited by the absorption 
of the layer of air between the spark and the window of the 
discharge tube. His most refrangible line lies at % 1594. Aill 
his results rest on the measurements of the hydrogen 
spectrum. He studied the spectra of Al, Cu, Au, Ag, Sn, Zn, 
Mg, and Hg. His measurements will be found among the 
tables. at the end of the book. 

The next work in the emission of solids was. done with 
the vacuum grating spectroscope in order to verify certain 


i} é 7 predictions as to the construction of the spectra of the alkali 
i} nae sume’ some of his results for cadmium anch. for | earths? The method adopted was a distinct improvement 
) aluminum are shown in Plate 1L, Vol. 102, Ia, Proceedings d over the procedure of the earlier investigators in that, by 
| of the Vienna Academy, p. 694.. The most refrangible of the 7 placing the spark in hydrogen at atmospheric pressure, the 
i tays there represented has a value 4 1670. The study of all | absorption of the air was. removed, and it thus became: possible 
\ spark spectra in the extreme ultra-violet is beset by an obvious 4 to follow spark spectra much. farther into the extreme ultra- 
| difficulty, for the layer of air which surrounds the spark absorbs a violet than had been possible before. See p, 41. The 
| the light energetically before it can enter the vacuum apparatus. q most refrangible line obtained by this method had the value 
| Schumann attempted to surmount this difficulty by producing i X 1238, a position very close to the limit set by the fluorite 
the spark in hydrogen.* His first attempts were not very i window which it was necessary to employ. 


It is important. to note that, though during these pea 
ments. the primary spectrum of hydrogen was'always present 
in the visible and sometimes: extremely brilliant, yet no lines 
which could be ascribed positively to a primary spectrum in 


1 * Berlin Inaug. Dis.,” rgog. 
Lyman, ‘* Astrophysical Jour.,’”’ 35, p. 341, 1912. 
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the Schumann region appeared. In this connexion the reader 
is advised to consult the plate in the original article, which 
gives a good idea of the spark spectra in question. It also 
exhibits the secondary spectrum of hydrogen by way of com- 
parison. 

Aluminum was chosen as the first substance for investiga- 
tion because its spectrum has been studied by Handke, and 
it therefore afforded opportunity for comparing the grating 


measurements with measurements obtained by another type’ 


of instrument. The figures which will be found in Table V 
illustrate in some degree the relative advantages of the two 
methods of experiment. The greater light-intensity of the 
prism instrument in the region of wave-lengths less refrangible 
than », 1600 is shown by the fact that some faint lines are 
given by Handke which are not easily observed with the grating. 
On the other hand, the result of the elimination of the absorp- 
tion of the fluorite prism and lenses‘and of the air near the 
spark is illustrated by the fact that the lines of shorter wave- 
length than % 1600 measured with the grating were not dis- 
covered in the earlier work. Between the two sets of 
measurements the agreement is fair; with the exception of 
six lines, the difference between Handke’s values and those 
of the writer are four-tenths of an Angstrém unit, or less, 
The greatest differences occur between x 1700 and: Xx) E7S50a 
region in which Handke was at a considerable distance from 
the 1854 line on the one side and the hydrogen spectrum on 
the other, However, it is only fair to remember that the 
values obtained with the grating were measured by the “ shifted 
spectra’ method, and not by direct comparison with the 
hydrogen spectrum, and there seems some reason to believe 
that as compared with the hydrogen standard they may be 
about ‘2 of a unit too low. 

Lines have been measured by Morris Airey,? and attributed 
by him to aluminum; they cannot be recognized on the 
spectrograms of Schumann or of Lyman, and they do not occur 


* Wolff, loc, cit. “* Ann. d. Phy.,’? 42, p. 836. 
** Proc, Manchester Phil. Soc.,’’ 49, p. 1, 1904. 
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among Handke’s wave-length values. They are probably due 
to some instrumental error. 

An inspection of the aluminum spark spectrum from the 
erating shows that the well-known pair at X 1862, X 1854 are 
by far the strongest lines in the field. The other lines decrease 
in intensity with decrease in wave-length. There is no strik- 
ing regularity of arrangement. : 

After the work with the spark in hydrogen was completed, 
an investigation by Lenard* on volume ionisation renewed the 
interest in the nature of the aluminum spark in air. It has 
been shown that the ability to produce volume ionisation by 
light increases in the Schumann region with decrease in wave- 
length; in fact, some investigators go so far as to assert that 
the phenomenon only occurs when light on the more refrang- 
ible side of 7% 1400 is employed. Now Lenard obtained very 
strong ionisation when he used a very powerful spark between 
aluminum terminals, and his results indicated that the effective 
light lay in the extreme Schumann region. On consulting 
the data for the aluminum spark in hydrogen, it was obvious 
that no strong lines existed in the extreme ultra-violet. 
Unless, therefore, lines were to be found in the spectrum of 
the aluminum spark in air which were not present with the 
spark in hydrogen, Lenard’s results could not easily be ex- 
plained. New experiments were accordingly undertaken with 
the grating spectroscope”; they yielded more interesting 
results than any of the previous attempts of this character. 
Their success was due to the fact that the pointed spark ter- 
minals were placed nearly in contact with the window of the 
spectroscope, so that the spark played against the surface of 
the fluorite. An exposure of six minutes destroyed the 
fluorite window, but a strong spectrum was registered on the 
photographic plate.? Between > 1400 and X 1900 the lines of 
this spectrum are the same as those observed when the spark 
was in hydrogen, but there is a distinct difference in the distri- 
bution of intensities in the two spectra in this region, owing 


1Lenard and Ramsauer, “ Sitz. Heidelberg Akad. d. Wiss. Abhand.,” 31, 
Igio. 

2 Lyman, ‘“ Physik. Zeitsch.,”’ 13, p. 583, 1912. 

3 See Frontispiece, Nos, 2 and 3. 
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to the: selective nature of the absorption of the air and to. the 
difference in intensity of certain “air lines.’ Near » 1 300, 
with the spark in air, there is a group of strong lines not 
observed with the aluminum spark im hydrogen. It is to this 
group that the ionisation effects observed by Lenard are 
largely to be attributed. All the lines in the region of 
X 1300 cannot be assigned to the same cause. Those at 
X 1.3020, A 1304°8, % 1305°8,.% 1334°6 and rI 335°7 are found 
faintly with magnesium im hydrogen. They seem of uncer: 
tain origin and are so listed in Table V. The lines A 1275-0, 
X% 1276°4, % 1310°8, X 1319°4 are provisionally placed under 
aluminum, but it is very probable that they are of gaseous 
origin. The fact that the aluminum spark spectrum is often 
accompanied by “air lines” in the visible and ultra-violet 
lends colour to this theory. It must also be remarked that 
Lenard found several metals produced nearly the same 
ionising effects when used as spark terminals, a result. which 
would indicate that all the effective rays were not produced by 
the metals themselves, 

Returning to the grating investigation of the spectra of the 
alkali earths and their series: relations, the expectations im the 
Schumann: region based on theoretical considerations are of 
two kinds’. First, according to the speculations of Ritz and 
of Saunders, there should be series of pairs in the region of very 
short wave-lengths, the subordinate members of which show 
constant wave-number separations. Lines. belonging to: this 
arrangement have already been observed over the ordinary 


extent of the spectrum in calcium, strontium, barium, and 


magnesium, and in: the.case of some of the series. the con- 
stants of the .formulze have been calculated with a sufficient 
degree of accuracy to permit. of a rough prediction of the 
position as well as the separation of the new pairs. 

The expectation of the second kind is less. definite in 
character than the first. It is founded on the following 
statement of Saunders :* “In all three elements there occurs 
a strong pair in the ultra-violet: Ba > 2335, and » 2304; 


Ritz, ‘ Physik. Zeitsch.,’’ 9, p. 521, 1908. 
2« Astrophysical Jour.,” 32, p. 165, 1910. 
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Sr xr 2165 and ®X 2152; Ca X 1840 and A 1837, which are re- 
versed in Sr and Ba, and probably in Ca also, and the line of 
greater wave-length is the stronger in each. They therefore 
look like subordinate-series pairs in a series of great strength, 
the rest of which is in the Schumann region.” 

Calcium.— With this substance experiment revealed four 
new pairs in the Schumann region with the separation re- 
quired by theory, wavenumber 1/A = 223. They appear ‘to 
fall in with the expectation of the first kind and form terms in 
the first and second subordinate series. In the case of the 
expectation of the second kind, three new ‘pairs were found 
with the separation predicted by Saunders, 1/A = 70. These 
pairs, four in all, may present material for the application of 
the “combination principle.’ After lines due to impurities 
have been eliminated, there remain some ten or twelve lines 
in calcium unclassified, most of which are faint. The -wave- 
lengths are given in Table VI. 

Strontium.—In the case of this metal, the expectation of 
the first kind is slight. The computations of Saunders show 
that the limits of the subordinate series lie in the neighbour- 
hood of A 1700; it is recognized property of these series that 
the members rapidly decrease in intensity as they near the 
limit. It isnot surprising, therefore, that only one pair with 
the required separation, 1/A = 800, in the Schumann region 
has been observed. The position is A 1847 and 2» 1820, 
The expectation of the second class, however, has been well 
fulfilled. There are two striking pairs, with the predicted 
separation, 1/A = 285. 

These three pairs constitute the spectrum of strontium ; 
the other lines which occur on the plate are chiefly due to 
calcium and aluminum. 

Barium.—With this metal the experimental difficulties 
are very great. ‘Success was attained only by using the pure 
metal in an atmosphere of helium. What has been said of 
strontium applies even more strongly in this case. The ex- 
pectation of the first kind is very small. Whe expectation of 
the second class is apparently fulfilled: two pairs with the 
separation predicted by Saunders exist. That they belong 
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together is not absolutely certain, though it seems extremely 
probable. In addition to these lines, there are several others 
which may be due to barium (Table VIII). 

Magnesitum.—The spectrum consists, in the Schumann 
region, of only two pairs, separation 1/) = 90; they seem to 
fulfil the expectations of the first class and form members of 
the first and second subordinate series mentioned by Ritz. } 
The other lines visible on the plate are due to impurities, 
The results of Handke do not agree with the data obtained 
with the grating. Perhaps the fact that the spark was in air 
in the one case and in hydrogen in the other may account for 
this (Table IX), 

Mercury.—The only work on the spark spectrum of this 
substance was done with the vacuum grating spectroscope at 
Harvard. ? | 

The arrangement for studying the spectrum was exactly 
similar to that employed in the work on the spectra of the 
alkali earths. A strontium amalgam, a barium amalgam, and 
a globule of mercury were used successively as terminals. 
The spark was in an atmosphere of hydrogen. The spectra 
are characterized by numerous lines extending from A 1876 


to the limit set by the transparency of fluorite. All the 


strong lines lie between X 1876 and x 1650. The lines do 
not present any very obvious regularity of arrangement. 

The strontium amalgam contained 7 5 per cent of mer. 
cury. The barium amalgam contained 80 per cent of 
mercury. When pure mercury itself was employed, it was 
held in a steel cup; the upper electrode was a point of soft 
steel. The three spectra obtained in this way are nearly 
identical. The spectrum from pure mercury, however, is 
quite feeble on the more refrangible side,—in fact, beyond 
A’ 1750 all the lines are very faint and the group- beyond 
X 1350 cannot be seen at all. This is probably due to the 
absorption of the metallic vapour round the spark. That the 
lines between X 1750 and X 1260 are due to mercury itself is 
proved by the behaviour of the amalgams. For, though the 


1“ Physik. Zeitsch.,’”’ 9, p. 528, 1908. 
2 Lyman, ‘“ Astrophysical Jour.,”’ 38, p. 282, r9r3. 
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strontium amalgam.was of rather doubtful character, the 


barium amalgam was known to be pure. The spectra of 


these two substances were identical; it seems probable, 
therefore, that their common spectrum is due to their common 
ingredient, namely, mercury. 

Table X contains the wave-lengths in vacuum with the 
frequencies added for the convenience of those who may be 
interested in computations connected with series spectra. 
The line X 1849°6, so strong in the arc, appears in the amal- 
gam spectrum as a faint band; it is reversed in the spark 
from mercury itself. Of the remaining six arc lines, only 
two surely appear in the spark. The values in the table 
have been compared with those for aluminum, iron, and the 
alkali earths, and it is hoped most of the impurities have 
been eliminated. The measurements were made by the 
method of shifted spectra. The absolute position of the lines 
should not be in error by more than three-tenths of an 
Angstrom unit. | 

Work on the mercury spectrum from a vacuum tube in 
the region below % 1900 has been carried on only at pressures 
under 3 or 4 mm. and has been mostly incidental to the study 
of gas spectra. Only one line has been recognized, that at 
Xr 1849°6. 

Lron.—TVhe study of this substance has been incidental to 
the work on other metals.1_ The spectrum consists of a con- 
siderable number of lines scattered throughout the Schumann 
region, the strongest lie near ) 1800. There is a group, 
however, made up of numerous members at the most refrang- 
ible limit as set by fluorite. No wave-length measurements 
have been made in the spectrum. 


ARC SPECTRA. 


_ All the work on Arc Spectra is of very recent date. 
Paschen ? has shown that certain lines in the spectra of Zinc, 
Cadmium, and Mercury may be arranged to form Principal 
Series given by formulz of a type which has become standard 


1 Lyman, “ Astrophysical Jour.,”’ 38, p. 282, 1913. 
* Paschen, ‘‘ Ann. d. Phy.,” 35, p. 860, 1911; 40, p. 602, 1913. 
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in series spectra investigations. The lines lie ina well-known 
region and their wave-lengths have been determined with 
precision ; from these measurements it has been possible to 
calculate accurately the constants which enter into the formule 
in question. Paschen! pointed out that the change of one 
parameter in these formulz, in a manner justified by analogy 


‘with other similar relations, would yield Principal Series 


whose members occurred in the Schumann region, Inspired 
by this prediction Wolff? has studied the arc spectra of Zinc, 
Cadmium, and Mercury by means ofa prism vacuum spectro- 
scope of the same general design as that used by Schumann. 
It is-obvious that the arc must be formed either in vacuo 

or in some transparent gas; the first alternative was chosen 
by Wolff. . The chief experimental difficulty which beset the 
use of the arc at reduced pressures is the formation of metal- 
lic films on the window which separates the arc chamber 
from the body of the spectroscope; this difficulty is particu- 
larly acute when the extreme ultra-violet is the region to be 
investigated. ‘Wolff overcame the difficulty by employing a 
modification of the quartz amalgam lamp first described by 
Stark. The formation of the film was prevented by the 
application of a cooling chamber to that part of the lamp 
which lay between the arc and the window. An arrangement 
was also introduced whereby the hydrogen spectrum could be 
superposed upon that of the metal under investigation. ‘This 
lamp served for the study of Cadmium and Zinc; in the case 
of mercury, a lamp of somewhat different shape was used; it 
was entirely immersed ina cooling bath. | 

‘The wave-length measurements were referred to the 
aluminum lines in the region from ” 1990 to X 1854 as given 
by Runge, and Eder and Valenta ; from there on to X 1670 
they rested on the values of aluminum spark spectrum as de- 
termined at Harvard. On the more refrangible side of this 
point, the values for the hydrogen spectrum were taken .as 
standards, 

The values given by Wolff are to be found in Tables XI 
and XII. They confirm the predictions of Paschen to a won- 


1 Loc. ‘cit. 2 Ibid. 3“* Physik. Zeitsch.,”’ 6, —p. 438, 1905. 
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derful degree of accuracy, as may be seen from the following 


tables :— | 
Zinc: Principal Series. Single Lines (1-5 S — mP). 


m 3 4 5 6 
a calculated 1589°64 145'7°64 1404°18 1376'99 
A observed 1589°76 1457°56 1404°19 1376°84 
Diff. O°12 0°08 OfGr Ree 


Cadmium: Principal Series. Single Lines (1:5 S — mbP). 


m 3 4 5 6 7 
A calculated 1669°30 1526°73 1469°35 I440°15 1423°22 
A observed 1669°29 1526°85 1469°39 1440°18 14.23°23 
Diff. oO°Oor O°r2 04 °03 "OL 


Mercury: Principal Series. Single Lines (1:5 S - mP). 


m 2 3 
A calculated 1849°6 1402°71 
A observed 1849°57 14.02°72 
Diff. "03 ‘OL 


Besides the members of these three Principal Series, there 
is also a Combination Series in each of the three metals: one 


term of such an arrangement has been found for zinc, two for 


cadmium, and one for mercury. 

So confident is Wolff of the accuracy of values derived 
from Paschen’s formule that he applies a correction to the 
hydrogen wave-lengths by comparing his wave-lengths, as de- 
termined from hydrogen, with the calculated values which he 
assumes correct. | 

The maximum correction applied in this way is 0:12 units, 
a value rather too flattering to the accuracy of the measure- 
ments of the hydrogen spectrum, since the wave-lengths only 
claim an accuracy of o’2 of a unit at best. 

The spectrum of the mercury arc has also been investi- 
gated with the vacuum grating spectroscope at Harvard.! 
Two forms of mercury arc were employed. In one, the whole 
vessel was of quartz, and the light entered the spectroscope 
through the side of the lamp. In the other, the vessel was of 
glass fitted with a fluorite window. The spectrum is domi- 
nated by the broad unsymmetrical line at 7 1849°6, which 


1 Lyman, ‘ Astrophysical Jour.,’’ 38, p. 282, 1913. 
7 
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considerably exceeds in strength any single line in this region 
in the spectrum of any substance heretofore examined. The 
line is easily reversed, a fact which has already been noted by 
Tian.'| The other six lines which go to make up the arc 
spectrum, though much inferior in intensity, are still fairly 
strong. 

The relation between the arc and the spark spectra is 
what one would expect from the behaviour of mercury in the 
visible and ultra-violet, for the spark spectrum is rich in lines 
and the arc spectrum contains but few. 

As has been just said, the lines at x 1849°6 and AX 1402°5 
are the two first members of the Principal Series predicted by 
Paschen ; the third member, which should occur at x 1268°9, 
is within the limit of the transparency of fluorite, but was not 
found. This was to be expected, for, as the intensity falls off 
very rapidly between ®X 1849°6 and x 1402'5, the next line in 
the series must be very faint indeed. The member of the 
Combination Series found by Wolff at % 1435°6 was not 
observed with the grating. 

Flughes” predicted the nature of the spectrum of the 


mercury arc in the Schumann region, basing his conclusions ° 


on photo-electric data. Later experiments * have somewhat 
changed his numerical values. Neither the original prediction 
nor the corrected data agree accurately with the spectrum as 
actually observed. a 
Following the usual practice, the observations which have 
just been discussed were obtained after the spectroscope had 
been repeatedly exhausted and washed with dry hydrogen. 
If a photograph was taken with air in the spectroscope, the 
appearance of the line at \ 1849°6 was profoundly modified. 
The broad line, which often extended over thirty Angstroms, 
was now replaced by three groups of rather faint, sharp lines. 


This is, undoubtedly, the phenomenon observed by Steubing,*- 


and this is the phenomenon which all investigators will 


***Comptes Rendus,” 155, p. 141, 1912. 

2“ Phil, Mag.,” 21, p. 393, IgIt. 

°“ Phil. Trans. Roy. Soc. Lond.,” 212, p. 205, IgI2. 
=-“annd, Phy,” 33, p.572) 1910. 
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observe who work with an apparatus in which the light from 
the mercury arc must traverse a considerable air-path before 
falling on the photographic plate. It is possible that some of 
Tian’s! measurements refer to the strongest of these lines or 
bands. Except for these lines, there is nothing visible in the 
mercury arc below % 1900 when investigated through air, 

Steubing has attributed the lines to the fluorescence of 
oxygen, and their narrowness and sharpness lend colour to 
this interpretation. It is probable, however, that the effect 
is produced by the absorption of the air after the light has 
passed through the slit of the spectroscope.” It is impor- 
tant to remember in this connexion that Schumann observed 
“that oxygen absorbs the rays in the neighbourhood of 185 yy 
in a series of clearly resolved groups of lines fourteen in 
number.” The strong and broad mercury band at » 1849°6 
would form an excellent background for the detection of such 
lines, 

Absorption must enter into the phenomenon, even if 
Steubing’s view is correct, | 

When the mercury arc in quartz is employed in photo- 
chemical, biochemical, and photo-electric experiments, it is 
obvious that very different results may be expected if the 
light has to traverse a short air-path from those which will 
result if the air-path is long. In the first case, the full energy 
of the great line at ) 1849°6 will be effective ; in the second, 
only the feeble action of Steubing’s lines will be felt. It is 
well for workers in these fields to bear this fact in mind, Ex- 
periments show that biochemical, like photo-electric action, 
increases with decrease in wave-length. It is, therefore, this 
line ) 1849°6 which, of all lines in the mercury spectrum, is 
the most active in producing adzotdc effects when the organ- 
isms under observation can be brought into close proximity to 
the lamp. In this connexion, one must remember that even 
fused quartz is often sufficiently transparent to transmit this 
radiation strongly. On the other hand, it must not be for- 
gotten that water in thickness of even 1 mm. is very Opaque 
*“* Comptes Rendus,” 152, p. 1483, 1911. 


*L. and E. Bloch, ‘‘ Comptes Rendus,” 158, p. 1161, I9t4. 
7 % 
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at ) 1850." The scarcity and feeble nature of the other lines 
in the Schumann region render the mercury arc inefficient in 
producing effects which depend on shorter wave-lengths. For 
example, the light from the mercury arc produces far less 
volume ionisation than results from the use of a hydrogen 
tube. 

With a lamp made entirely of quartz, the line X 1774°9 is 
the most refrangible radiation on the plate. The fact that the 
spectrum terminates at this point is probably due to two 
causes: first, the absorption of the quartz, and second, the 
absorption of the dense mercury vapour itself. The broad line 
or band at X 1849°6 is always unsymmetrical, the maximum 
of intensity lying well toward the more refrangible side. With 
the quartz lamp, the band is always strongly reversed ; the 
width of the whole band is usually about 30 or 40 units; the 
reversed portion is about 6 units wide 

When the lamp with the fluorite window was employed 


it was constantly kept in connexion with a vacuum pump ; > 


even then, the line at ) 1849°6 was sometimes reversed. It 
was also very sensitive to the presence of films on the window. 
This may partly explain the decay of the efficiency of the 
mercury arc with time, which has been recorded by several 
observers. In the quartz arc, however, where the whole system 
remains very hot, the formation of films is probably not the 
important factor. The observed effect may well be due, in 
part, to a change in the quartz itself under the action of the 
ultra-violet light similar to that which has been observed with 
fluorite. With this substance, long exposure in the Schumann 
region will turn transparent, colourless fluorite into an opaque 
modification of a purple tinge. Dr. Nutting has observed the 
same change of colour with glass. 

It is interesting to note that Steubing’s lines were obtained 
both with the quartz lamp and with the arc at low pressures. 

Table X gives the -wave-lengths of the arc lines in vacuum. 
The line at ) 1849°6 was measured by direct comparison with 
the spark lines of aluminum, The other wave-lengths were 
found by comparison with a shifted spectrum of iron. Owing 


* Lyman, ‘ Nature,” 84, p. 71, gro. 
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to the broad character of the arc lines and to the strong back- 
ground due to scattered light, the setting error is larger than 
in the case of spark lines and the results may not be so ac- 
curate. 

Estimating the intensities which are given in the fourth 
column is a difficult matter. The line at X 1849°6 is vastly 
stronger than any of the others and the fact is indicated by 
the expression > 100. The line marked “8” appears to have 
the same intensity as a line marked “8” in the hydrogen spec- 
trum lying in the same region. It is obvious that these 
numbers give but a rough measure of the relative intensities. 

The agreement between the grating values and those ob- 
tained by Wolff is as close as could be expected, considering 
that the former were not made by direct comparison with the 
hydrogen spectrum. 








CHART HRV. 


PHOTO-ELECTRIC PHENOMENA. THE LIMIT 
OF Tih SPE CERUME 


THE preceding pages have given some account of the proper- 
ties of light of very short wave-length from the point of view 
of the student of spectrum analysis. The scope of the work 
does not permit of a detailed treatment of photo-chemical, 
photo-electrical and photo-abiotic phenomena, but, as they attain 
very striking proportions in the Schumann region, a brief de- 
scription of their variation with the wave-lengths of une excit- 
ing light is here included. 

Attention has already been called to the rapid increase in 
ozone-producing power as one proceeds into the region on the 
more refrangible side of % 1850. Much the same thing is 
observed in photo-electric action, though to an even greater 
degree.* In the case of volume ionisation the effect is so 
striking and so easily shown to an audience that the apparatus 
itself merits description. A discharge tube like that illustrated 
on page 66 is closed by the usual fluorite window; directly 
above this is arranged a separate chamber or screen cell about 
I cm. thick which is, in turn, closed with fluorite. The dis- 
charge tube must be filled with hydrogen to a pressure of 2 
or 3mm. A gold leaf electroscope of any simple type 
has for its terminal electrode a strip of metal about 1 cm. 
wide by 3 cm. long, which, protruding from the metallic 
case, is protected by a gauze cylinder. This strip is placed 
within § or 6cm. of a window of the screen cell just mentioned, 
a blast being arranged to sweep the window and to carry 
the air from its neighbourhood through a hole in the gauze 
cylinder against the strip. If now the screen cell is full of 
air and the blast turned on, no effect is produced in the leaves 
of the electroscope when the discharge tube is excited, but 
if the cell is exhausted the leaves of the spectroscope collapse 


‘Lyman, “ British Association Report,” p. 134, 1909. 
102 
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quite rapidly. The cell when filled cuts off the Schumann rays, 
but when it is exhausted it allows the rays to pass and they 
produce volume ionisation in the surrounding gas. The fact 
that a thickness of about 1 cm. of air is sufficient to stop the 
action entirely, shows that the active rays belong in the region 
on the refrangible side of \ 1850. The experiment is a crude 
adaptation of the more complex procedure employed by 
Palmer.’ 

Turning to the Ea etetiacidal properties of light the action 
has long been known to increase with decrease in wave- length 
and a great mass of information has been accumulated relating 
to the less refrangible side of X 2000, the use of a quartz 
mercury lamp for the sterilization of water being a good illus- 
tration of an application of this knowledge to a practical 
problem. A rather simple experiment may be performed to 
illustrate the fact that the action continues to increase in a 
striking manner after the Schumann region is entered. A 
discharge tube filled with hydrogen and closed at one end 
with fluorite is placed under the stand of a microscope in such 


a way that the field of vision may be illuminated by a beam of - 


light from a small arc lamp arranged to pass directly through 
the tube. Some mobile form of organism such as the infus- 
orian-like Colpoda or the swarmspore-like Spherella is placed 
in a drop of water on this fluorite window, the motions of the 
organisms may then be watched through the microscope. ue 
now, while one of these bodies is the field of view, the dis- 
charge tube be excited by an alternating current of say 10 
milliamperes, the power of motion is almost immediately 
lost. In many cases an exposure of two or three seconds is 
sufficient to produce the result. With Colpoda, not only does 
motion cease but the whole body breaks down and becomes 
miscible with the water. This destruction of cell structure is by 
no means confined to the organisms just mentioned, it may be 
seen in a great variety of tissue. It is only necessary that the 
specimen would be penetrable by the active rays. The experi: 
ment may be modified by interposing a screen cell of air of 
the kind already described or by the use of a thin plate of rock- 


1 Physical Rev.,’’ 32, p. I, IQII. 
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salt between the source of the Schumann rays and the specimen. 
In this way it is easily shown that the active rays lie for the 
most part on the more refrangible side of X 1750. By the use 


of a micro-projection in connexion with a discharge tube of | 


special form, it is quite possible for a number of persons to see 
the phenomena at the same time. 

The strong abiotic action of the hydrogen spectrum in the 
extreme ultra-violet has an interesting bearing on the hypoth- 
esis which maintains that living organisms may be trans- 
ported through interplanetary space. For it is obvious that if 
light of the proper wave-length escape from the sun the space 
in question would be effectively and continually sterilized. 
The lack of atmosphere and of heat is no bar to the action, for 
it has been shown that oxygen and moisture are not necessary 


to this bacteriacidal phenomenon and that abiotic action | 


continues at the temperature of liquid air. It might be con- 
tended that the gases which surround the sun effectively pre- 
vent the escape of Schumann rays, but if sun spots are 
accompanied by jets of burning hydrogen projected through 
the solar envelope, this objection falls to the ground. The 
burning hydrogen would provide the necessary abiotic rays. 
In short, it seems probable that interplanetary space is a germ- 
free space. 

Apart from the points of general interest connected with 
photo-chemical, photo-electric, and photo-abiotic effects, the 
Schumann region offers an excellent field for measurements of 
very high theoretical importance. Einstein! has given the 


2 
formula — = hn — p connecting the velocity v with which 


electrons leave a metal with the frequency of the light 2 which 
sets them free. The relation is based on the theory of 
“quanta,” and if it can be proved to be exact it will serve as 
an important confirmation of this hypothesis, A good deal 
of work has been done on the problem using light on the less 
refrangible side of X% 1840, but though the results obtained 
point toward the correctness of Einstein’s formule, the ques- 


P Ann. id, -Phy.,”’. 20, Pp. 199, 1905. 
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‘tion cannot be regarded as definitely decided.! If the measure- 


ments can be carried into the extreme ultra-violet, most 
valuable evidence will doubtless result. | ee 
Returning to the rapid increase in various photo-activities 
with the change in the nature of the light, the matter will be 
clearer if the period is taken as the fundamental parameter 
rather than the wave-length, a proceeding which is amply 
justified by theoretical considerations. A scale plotted on this 
system is shown in Fig. 15 ; it serves to emphasize the obvious 
fact that for a given decrement in wave-length the correspond- 
ing increment in frequency is far greater on the border of the 
Schumann region than on the corresponding border! of the 


as x constant 


» 


(1000 





ultra-violet. An extension of the spectrum by a definite 
number of wave-lengths in the Schumann region is, therefore, 
more productive of important consequences than an equal ex- 
tension in the ultra-violet, if these consequences are measured 
by phenomena whose magnitude depends on the period of 
light. 

It only remains to consider the most recent work on the 
extension of the extreme ultra-violet by spectroscopic means 
and then to state very briefly the evidence which leads to the 
belief in ether vibrations of far shorter wave-lengths than can 
be studied by the methods of spectroscopy. 

It has been shown that the spectrum was extended beyond 
the limit set by Schumann by removing all solid absorbing 
substances from the light path. The discharge tube com- 
municated directly with the body of the spectroscope and both 
were filled with the gas under investigation, The spectrum 
was produced by a concave diffraction grating on speculum 


1 Pohl and Pringsheim, ‘“‘ Phil. Mag.,” 26, p. 1018, 1913. 
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metal and was received ona photographic plate prepared ac- 
cording to the method of Schumann. The first attempt re- 


sulted in pushing the spectrum to 2 1030. Very recently the. 


problem has been attacked again with the benefit of the 
technical knowledge of vacuum spectroscopy gained in more 
than eight years. The general method has remained un- 
changed, but great pains have been taken with the purity of 
the hydrogen employed, as well as with the prevention of leak 
in the spectroscope itself. Moreover, it has been found pos- 
sible by a slight change in the nature of the vacuum tube to 


use a disruptive discharge without prohibitive fogging, The 


result has been a still further extension to X 905. It is interest- 
ing to note by reference to Fig. 15 that this represents a greater 
extension in frequency with respect to the limit reached by 
Schumann than Schumann himself attained with respect to 
the limit probably reached by Stokes near 2 1850, 

It may well be asked—to what is the present limit of the 
spectrum due? There are several causes which go to makeup 
an answer to this question. 

AA much longer exposure might result in the discovery of 
new lines; unluckily, there are difficulties in the way of this 
seemingly simple step. For, as has been previously stated, 
with a windowless tube there is a great tendency for the dis- 
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spectrum by indirect means are few in number and not per- 
fectly conclusive. Wood! has observed that the spark pro- 
duces a radiant emission which gives rise to luminescence in 
the nitrogen of the air. Fluorite 1 mm. thick cuts off the 
emission, but avery thin piece permits the eimission to pass 
to a slight degree ; this might lead to the conclusion that the 
effect is due to light which lies on the more refrangible side of 
the fluorite absorption band. ne 
Lenard? has reported the existence of an emission yo 
an aluminum spark which he detected by its ionising action. 
It penetrated 4 cm. of air and both quartz and fluorite. An 
experiment with a fluorite lens led. him to ascribe to these rays 
a refractive index which would ordinarily belong to light be- 
tween X 1400 and > 1370. That the rays were not of this 
wave-length is shown by their transmission through air and 
quartz which is known to be opaque to this part of the speciium. 
Lenard explains the index obtained by ascribing the emission 
to the more refrangible side of the absorption fluorite. The 
discovery of the end of the absorption band of oxygen in the 
extreme ultra-violet lends some colour to this hypothesis, 
though the more refrangible limit of the absorption of the 
quartz and fluorite has not been discovered by spectroscopic 


means. 








The statement that indirect experiments on the ex- 
tension of the spectrum are not conclusive has obviously no 
reference to the extremely important work of Laue, Friedrich, | 
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the plate. No plan has so far been devised which completely 
obviates this trouble, and up to the present the length of ex- 
posure has been limited by it. Besides this mechanical diffi- 


culty several other possible agents may exert an influence. 
Speculum metal may cease to reflect in the region near X 900; 
that it reflects so well down to this point is surprising. The 
Schumann plates may cease to be sensitive. Small impurities 
in the hydrogen may exercise considerable absorption. Only 
experiments on metallic reflection, on the manufacture of plates, 
and on the purification of gases can answer these questions. 


Knipping, and the Braggs. They have established the fact | 


that the X-rays are a form of ether vibrations whose wave- 
length is of the order of one Angstrom unit, or about one 
nine hundredth that of the shortest wave-length obtained by 
the direct method. There is thus a gap of about nine hundred 
units between the shortest known wave-lengths which have 
been directly measured and the region of the X-rays. In this 
gap the behaviour of light toward solid and gaseous substances 





- Schumann region the 
There seems to be no insurmountable difficulty, however, to suffers a profound change. In the S 


charge to spread into the receiver and cause fatal fogging of 
ai | 

general opacity of matter to light is the most important 
} 


some further extension of the spectrum by purely spectro- 
scopic investigation. 


1% Phil. Mag.,” 20, p. 707, Ig10; and 2bid., 27, p. 899, IQT4. 


Experiments which attempt to show an extension of. the 2«¢ Sitz, Heidelberg Akad. d. Wiss. Abhand.,” p. 31, 1910. 
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characteristic ; in the region of the X-rays, its transparency is 
a most striking phenomenon. The alteration in the behaviour 
of matter toward light is intimately connected with the vast 
increase in frequency. It will probably necessitate a con- 
siderable change in the methods of investigation if the gap in 
question is to be successfully bridged. 

An example of the direction in which this change of 
methods is likely to take place is furnished by the recent 
work of Dember.! 
ment of photo-electrons whose speed was acquired in falling 
through a difference of potential of the order of twenty volts. 
He has estimated the wave-length of the rays by means of the 
Planck-Einstein formula; eV = hn.- The value he obtained is 
745 Angstrém units, a figure strikingly near to the present 
limit of the spectrum from the concave grating. The result is 
very interesting and important, but the estimated wave-length 
cannot be accepted without reservation until the Planck- 


Einstein formula has been more fully established for a wider 
range of frequencies, 


1«¢ Verh, Deutsch. Phys. Gesell.,” 15, pp. 560-565, 1913. 


He has produced X-rays by the bombard- 
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TABLES. 


WAVE-LENGTHS IN VACUUM. 


TABLE I.—SPECTRUM OF HYDROGEN. 
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TABLE I= . 
SPECTRUM OF HYDROGEN (continued). TABLE I.—SPECTRUM OF HYDROGEN (continued). 
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T460'1 double i 1539°2 5 7 
T4610 : : 1539°9 2 . 
ee é hs 1540°6 2 3 
7 ae 1 1541°6 7 : 
| e 2 
double 1465°2 a 1344°7 8 
1467°2 double 1545°5 2 double 3 
1468°6 bm 6° 6 6 
double , as ae 
Be AtiO ae 1547°4 7 double I 
1472°5 . 3 1548°3 I 2 double 
| 1473°9 : 1549°9 7 double 7 double 
1 | 1474°9 i 1550°6 7 double 3 
| Sto 4 a 1551'5 2 2 
1 | ie . 1553°3 Io di 
|| eine ve 1554°9 3 " 
| bon, a 1555°0 : 2 
| | mee 1 1556°4 2 8 
1 | T401°7 eS 1557°4 I 2 
1482°1 . . 
| | Be 1558°7 I 6 
| } Tagen 1560°0 I 4 
| } : ° 6 e 
triple 1486'9 iea-2 ; 7 
i 
1 
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TABLE I.—SPECTRUM OF HYDROGEN (continued). 
Bic ar eisaraee wee aetat Mcnemtes UPMeU Mei CCR Ce 


| 
| 
| | 
Intensity. | Character. 3 4 | 








Eee Intensity. Character. puioks 
1638°2 4 iT I: 
16391 | a | 
1039°7 I 2 , | 
1640°5 6 I 4 | 
1641°6 5 to F 
1643°0 5 rf 
1644°6 i 2 
1645°7 2 2 
1646°0 I rz Ca 
ft = SS : 2 TABLE II.—NITROGEN. 
LINES OF UNCERTAIN ORIGIN. ; a ee oo eee ee 
; 4 Band Spectrum. Line Spectrum. I 
PROBABLY DUE To HyprRoGEN. 3 4 SS | 
| . = r if A. I A. : | 
Teh Intensity. | Character. ulaks Intensity. | Character. ' 4 a : tenes ; 1492'8 6 | 
ie RSE ctl PN Je et caea eeEAtotey (Neen sie SR 7 q ae 2 1687°5 2 1494°8 5 
a 14161 3 27309 2 | 
1030°8 I 11762 5 double 6 Bs 1752°9 3 1742 7\ si > 7. | 
1034°2 2 1178'5 3 double : ee ; 1768'5 3 1745°3 6 | 
1045'2 4 1180°8 ji y ees : 1804°7 ? 2 
T047°5 > T182°7 + I5OI'I 3 821° 4 
1062°1 I I185'0 2 in re 5 1837°6 5 
1065°6 3 I18g'0 7, double . a 2 6 2 1854°0 3 
I070°O I 11986 2 i: 2. : 5 1870'9 2 
1080'0 I I200°2 2 na 2 5 
T082"1 I 1201°8 3 a eae : 
1094°9 2 1202°8 I | . ee EE ee as ae 
1098°0 2 1205'2 6 | . | 
II00°O 3 1206'9 6 | 
TIO2‘2 4 1207°8 2 7 | 
I104'8 6 1209°2 6 i: | 
II07‘5 6 I1209°7 I a | 
IIIO'5 3 1210°8 2 1 
TIIQ"4 4 I2I1'7 ce — 
II45°5 8 double T215'0 2 = 
1148°8 2 1216°0 8 a 
II51‘2 2 1217°6 3 t 
1160°9 Ke) double I2IQ'I I 8 
1164°0 6 I221°5 I a 
1166°5 6 1223°7 3 aad 
I169'2 I 1225'2 I a 
I172°0 I 1225°9 7 4 
1174°9 E 1227°5 I a 
eA RE a EE IER ESS STE a a a AT A | “ 4 


_ Py >. 
Be mer 
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TABLE IV.—ARGON. 


TABLE III.—CARBON MON-OXIDE. ‘* BLUE’ SPECTRUM. 
































A I N hy I N I d I A I x I iF 
1335°0 I 74,906 16O15°I 2 61,916 a -1333°7 5 1604°2 4 1827°6 6 1846°9 6 \ 
1339°0 I 74,683 1623°4 I 61,599 1 1334°5 7 1607°0 3 1830°6 ! IO 1850°2 4 | 
1343'0 I 74,460 1629°6 3 61,365 iz; 1335°8 7 r611"0 4 1831°4* 9 1855°7 9 i 
1353°6 it 73,877 1630°3 6 61,338 . 1460°1 5 1614°8 4 1334-54 2 1865°9 8 te 
1350°I 2 73,741 1648°2 5 60,672 | 14633 | 3 1669°7 7 1835°5 ? 2 | 1868°7 8 | 
1361°3 2 731459 1653°3 4 60,485 4 4650 | 4 | 16735 | 7 | 18363 9 | 1873'2°| ro Ie 
1368°0 I 73,099 1666°7 I 59,999 | 1467°9 2 1675°6 7 -1838°1 ? 2 1877°7 8 I 
1371°8 2 72,897 1669°9 6 59,884 | 1589°5 4 1788°1 5 1839°2 9 1879°7 8 ie 
1374°I 2 725975 1685°3 I 59,337 1600°7 5 1807°5 4 1842°3 ? I 1886°r 7 | 
1378°I 2 72,564 1688°5 r 59,224 : 1602'6 2 1820°0 ” 1843°I 9 i 
1384"4 5 725233 1698°8 I 58,865 | | 
1386°4 I 72,129 1705°3 6 58,641 } 
1392°2 I 71,829 L712°2 GF) 58,404 i: 
moe 2 71,649 1723°9 6 58,008 ii 

: 1,372 172 d i 
1404°O I ae eee : ate TABLE V.—ALUMINUM. i 
I405°5 I 71,149 1747°3 yh 57,231 ” ) : 
1409"0 2 70,972 1774°9 8d 56,341 | 
I4Ii’4 I 70,852 1785°1 6 56,019 oN I, 1/A. | A Handke.| Diff. A. if r/x \ Handke. | Diff. E 
ce aa : 70,721 17926 tod 551785 | | | 
Sao 2 70,472 1801'9 2 55,497 ae ee : | | 
420°1 3 70,121 1804°9 8 40 ia 33 I | 8072 a = ‘0 : : | 
1435°6 2 69,657 I8II‘o 1od pee: | oe 3 I aes —_ oo ve : eee ee ma | i 
1438°7 I 69,507 1825°7 7 545774 q 1275'03 3 | 78431 — — |1760°0| 8 | 56818! 1760°4 | 
1443°7 + 69,266 1830°I 9 54,042 1276°4° 2 | 78345 a — | 1761:9| 8 | 56757! . 1762°4 i | 
1447°0 z 69,109 1837°2 I 54,431 | 1310°33 6 | 76290 — — | 1763°8| 10 | 56695| 1764°2 ; | 
mee 3 68,852 1841°3 8 545309 4 ero? |) 6 | 75792) — — |1765-7| 8 | 36638 | 17660 | 3 | 
ey 3 68,320 1846°7 2 54,151 | 1326°63 I | 75380 — — — |—| — | 17669 5 | 
L473) O C 67,889 1849°4 4 54,072 3 | meagiee | 2 | 74438 |. — — }1767°6| 8 | 56574] 1768-0 4 | 
1475°4 r 67,778 1859°6 rod 53,775 | 1352'S t | 73921 — = — |—]| — | 1769°6 as 
ee 2 67,059 1870°3 3 53,407 1379°5 3 |-72490| - — Se eg | | 
EOL 07,527 1878°5 tod 535234 | 1383°9 5) 72259 | = E7733 02" | 56370) |. 1773.8 zo | 
ze 2 67,204 18gI°2 6 52,876 | 1540'I I | 64931 — — — |—| — 1774°9 pats i 
1493°8 3 66,943 1898°0 10 52,687 : 1605°6 8 | 62282] 1605°9 | 0°3 | 1776°9| 4 | 56278] 1777°r "2 ] 
EAO7° 3 06,765 1914°O V 52,247 | 1611°8 8 | 62042] r6rar | +3 — |—| — | 1777°8 ue | 
1506°8 2 66,366 Ig18°2 Gi) 52,132 | 1670°6 10 | 59859 | 1671°0 "4 — _ — 1792°I — | 
| 15107 2 66,194 1931°5 6 51,773 a ey eo | LO7OE. | Prd 48:5 | 3 154990 | 181970 5 | 
| so! 3 65,976 1933°6 2 51,717 | 1718°3 I | 58197 | I71Q°I "8 = Pl 1819°6 — H| 
| Pepe L 05,772 19Q50°4 4 51,272 | 1719°3 g | 58163 | 1720°0 7 — |—|{| — 1820°6 = i | 
bs) eC a 65,531 IQ51°7 5 51,237 \ 1721°2 9 | 58099 | 1722°0 8 — —«j|—| — 1833°2 — | | 
1527 3 65,462 1953°0 5 51,203 a 1725°0 10 | 57971 | 1725°3 °3 — — — 1836°8 — | 
oe : ae ees 8 50,759 | ee sale eae rat 55497) SO 1854°7 ae 1 
| eee 5 an 42 IQQI°o I 50,226 1742°7 N. 57382 | 1743°6 ‘9 | 1858°2/ Io a 1858°2 | | 
|| : 3 4,721 2007°2 5 49,821 | 1745°3 57297 | 1746°3 | I'o | 1862°8| 50 — 1862°8 oss q 
| T559°3 5 64,131 2012°6 8 49,687 1747°7 I | 57218 | 1748°3 6 q 
| 1570°5 4 63,432 2026°4. 7 49,349 : | | 
1596°1 I 62,653 2031°7 I 49,220 | | | 
| 1597°4 3 62,602 2035°I 4 49,138 is : || 
| 1603°3 I 62,371 204'7°0 8 48,852 1 Present in the ‘‘ white’’ spectrum. 2 Origin uncertain. | 
| 1611°7 3 62,046 2068°4 8 48,347 | : | 3 Origin in doubt. | 


8 * 








| 

| 
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| 

| 

| 
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TABLE VI.—CALCIUM. 
| 
| {issn ieaune™ SalI Ly Prez FNS US TMSNTLL y Wp NN Rac cLIDE| MUU EDS) comamsacineercmimeotareeincy Wm corte ees cee ee crane rea ene ecenaeags eee 
| | r I 1/r Ar/n. PN I 1/A 
| 12462 | x | 80244 — | 15535 | 7 | 64370 | 
12543 | 2 | 79726 — | 15552 8 64304 E 
| 1260°2 I 79352 — I561°2 2? 64.053 ( 
1204°5 | 2 | 79083 ay te 20744 I 59733 2 | 
1268°2 2 78852 ae 1680°5 2 59500 ae], .& : 
1276'4. | 3 78345 — | 1692"4 I 59087 P 3 : - 
1369'r | 3 (ee) 89 | 1698'9 2 58861 a8 gE 
1370°6 3 729600 1807°8 7 55316 Ee 
' 1393°6 5 71761 — 1815°0 8 55096 Sate | 
1402°7 4 71291 — 1838°0 9 54406 6 | & 
1433°1 5 eae 58 1840°2 | 10 54341 5 | TABLE IX.—SPARK. 
1434°3 6 69720 1843°8 6 54236 ee a 
| aes a soe sy oa d oe . MAGNESIUM IN HyproGen. Lyman. 
il | 15460 | 2? 64683 - = 1872°5 3 53404 oo q MAGGS ol ee eee [en ee ee aes 
| | a, rn I, 1/r. Ar/A. Xr. ik 1/A. A1/d. 
| 7 eee Oe eee ee ree 
| 17350 6 57037 a 17509 | 5 | 57153 88 . 
| . 1737°8 7 57544 1753°6 6 57025 


MaGNEsium In Air. Handke. 





| x I. d I 
| 
Il 1734°0 I 1753°0 3 
| 1736°3 2 1839°6 3 
| 1741°4 5 1855°9 5 
| | 1744°1 5 1864°1 4 
| 1746°7 I 1886°8 5 
I750°O I 1930°9 6 
1750°7 2 





1331°L 2 — 1572°9 2 63577 oe 

136I'0 2 73475 = 1592°9 I 62778 = 

1414°8 3 70681 = 1674°5 | 4 59719 = 

I417°l 2 70567 os 1077:9- | 23 59598 
14820 | x | 67476 — | 16943 | 6 | 5goar 377 | 
1485°0 I 67340 — 1786°6 I 55972 — 

1487°0 2 67249 — 1849°5 2 54008 6 

1503'9 4 66494 — 1869°2 | 5 Pe ae 

1554°5 3 64329 ae 








| 
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Spark 
Lyman 
Rested pavat at ORR ae SN UES eee UG 

A. I, 1/d. 
1209°7 5 78758 
1277°1 4 78302 
1280°7 4 78082 
1305/0 3G 76593 
1307°9 2 76458 
1321°4 3 75677 
Eoaore 4 75574 
1320'4 4 75392 
1330°8 7 Ba? 75143 
1335°4 5 74884 
1350°4 3 74052 
1301°0 4 Ba? 73475 
ayer I 72569 
1379°0 I 72516 
1400°4 2 71408 

a nee 71301 
1404°3 I 71209 
T414°4 4 70701 
I416°0 4 Ba ? 70576 

om ar 696 
1481°6 I Bie 
1495°0 3 66889 

seas = 65850 
1527°4 5 65470 
7340°5 2 64914 
1548°4 alee 64583 
1550°8 22 64483 
I561I°0 I? 64061 
I568°0 2 63775 
1570°3 IT 63682 
1592°9 8 ? 62778 
T599°4 7 62523 
1641°5 I 60919 
1047°4 9 60702 
1649°8 10 br 60613 
1652°5 3 60514 
1054°7 5 60434 
1656'9 30 60353 
1662°6 7 60146 
1670°L I 59876 
1671°0 7 59844 
16725 4 59790 

eo a 59683 
1677°9 IO 59598 
1681°6 I 59467 
n092-7 2 59077 
MIS 2 58997 
1716°6 I 58254 


TABLE X.—MERCURY. 








TT 
ee 
| | 


ATC; 
Lyman. Wolff. 
x: ifs 

I402°5 1402°72 

ee 2 1435°63 
1518°6 3 ees 
1649°8 8 1650°17 

ae 5 1672°75 

a 4 1675°55 





A, oil 
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TABLE X.—MERCURY (continued). 
Spark. Arc 
Rael se SL 
Lyman. Lyman. Wolff, 
Ne Vi 1/A. Ne i 
17181 2 58204 - ~~ — 
1720°7 2 58116 — aa ae 
1724°2 I 57997 =a oak eas 
1720°8 I 57911 — — — 
1735°8 I 57610. . — — — 
1738°3 8 57527 — s= — 
1740°2 6 57464 = i aa 
1741°0 2 57438 | a aaa va 
1742°7 2 57382 rae ae ars 
1745°2 “ 57300 aa 7) ae 
T751°5 i 57994 Sore ror ar 
1756°0 2 56947 a a ears 
1759°7 6 56828 — —- — 
1764°0 I 56689 — — — 
1770°1 i 50404 Ta Tay rare 
= = 50341 1774°9 5 1774°95 
17752 3 56331 ae a ae 
1780°0 I 56179 — — — 
1787°7 I 55938 Bk ets wait 
1792°7 5 55781 a ma owe 
1796°2 7 55673 — ~ — 
1798°7 9 55595 a aaa = 
1800°7 I 55534 a = =a 
1803°9 3 55435 a 775 — 
1806°5 2 DoOsoD Se co ae 
1808°3 2 55300 — — — 
— _ 55248 18Io0 3 band — 
I816°1 I 55063 — — — 
1820°8 sme) 54921 — — — 
1823°8 3 54830 —_ — — 
1826'2 4 54758 — — —-: 
1832°7 6 54.504. 1832°6 4. 1832°6 
1837°I I 54433 = ie a 
1840°8 7 54324 ao a cen 
1849'0 5 54083 ses = ae 
1849°6 5 reversed 54005 1849°6 > 100 1849°57 
1850°3 3 54045 Tee a =o 
1853°4 4 53954 = oo a 
1859°5 2 br 53778 = a Te 
1861°0 I 53734 — os = 
1862°3 I 53607 — — — 
1865°1 I 53616 — — — 
1869°4 10 by © 53493 = oa aa 
1875°7 6. 53313... ore oe ol 








4 
COnNHUR O 


1942°52 
1973°2 
1973°98 
1988'07 
2002°9 
2028°3 


2053°7 


1674°5_ 


1675°4 
1678°7 
1681°4 
1694°0 
1706°r 
1707°6 
1709'5 
1713°0 
1714°3 
I718'r 
I7IQ°I 
1722°4 
1727°2 
1728°7 
17360°9 
1740°7 
1743°1 
1745°6 
1747°6 
(748°1 
1751°3 
T7517 
1754°9 
1755°7 
1757°9 
1758°7 
1760°7 
1761°8 
1762°6 
1763°1 
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Handke. 
Spark, 


1942°I 
1972°6 
2004"T 


——e 


Stark. 
Arc. 





1942°37 
1972°99 


2002°87 
2028°00 
2054°41 


Lehmann 


and Straubel. 
Vac. Tube. 


1942°3 

1973°73 
1987°93 
2028 '34. 
2055°14 


TABLE XI.—SILVER. 





WNP NWN NWOHWAUHHAWUWWHHDDO OA DH DY 


SPARK. 


1766°3 
1768°6 
1771°8 
1778°9 
1'780°5 
1781°6 
1782'9 
17842 
1785°7 
T793°9 
1796°9 
1797°7 
1802°I 
1805°I 
1808°0 
1808°9 
1816°4 
1818°8 
1821°0 
1822'0 
1823'5 
1826°5 
18286 
1831°8 
183 4°0 
1835'6 
1838°r 
1839°5 
1846°7 
1849"4 
1853°4 
1855°9 


Handke. 


PAUUNNBWWA UA HR HH ONUN OH HUH N HH HW OOO)ND 





1858°3 
1860°0 
1862°9 
1866°r 
1867°1 
1871°8 
1872°5 
1874°2 
1877°6 
1879°0 
Lé81'2 
1884°3 
1888'1 
1892°8 
1895°6 
1897°4 
1898'8 
1g07'I 
IQII‘g 
IQ1t5'7 
1924°2 
1932°I 
1936"4 
1942°5 
1944°6 
1945°7 
1947°8 
1952°6 
1957°2 
TQ59°2 
1960°5 
1966°6 


WOHHNIWARWW DH OW CORR HNABR ON H OHW OM sIN Or Or 





Huff. 


Vac. Tube. 





eee 
— 


2002°23 


— 


ee a aE TR Nn a Ml PRE cde Pane GAME ese ea 
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TABLE XII.—GOLD.~ 








I21 





SPARK. 
Handke. I; Handke. 18 Handke. 1 Eder and Valenta. 
1623°2 I 1752°0 2 1858°5 3 — 
1630°0 I 1756°0 4 1860°2 4 aa 
1638°3 iE I757°1 4 1862°7 5 any 
1639'2 2 1762°3 I 1866°2 2 — 
1644°2 I 1763°0 5 1872°6 6 1872°38 
1646°0 2 1764°2 I 1875°I I — 
1646°3 I 1768°0 4 1880'3 4 1880°34 
1659°2 2 1773°0 I 1881°4 2 Eas 
1664°6 3 1775 °4 I 1887°6 6 1887°47 
1665°6 I 1776'0 5 I8QI‘I 6 1890°87 
1666°0 I P77 7eL 2 Ig00"0 2 ~~ 
1672°6 2 I781I°5 2 Igoo'g 2 — 
1673°2 5 1784'2 8 1905°6 5 1905°04 
1675°7 I E7O7s2. 4 1908°2 I --- 
1693°5 6 I7QI°2 Co IQI0'O 3 — 
1696°5 I 1794°8 5) IQIL'’5 I — 
1698°2 3 1802°0 7 T9186 2 1918°67 
1699'5 2 1803°T 3° 1920'O 6 1920'02 
1700°0 3 1806°6 4 1922"4 Te I922°O1 
1701°6 2 1808°7 I 1926°0 7! 1925°82 
1707°O 2 I8IL‘o I 1926°6 I — 
1710°6 3 1813°3 2 1927°6 I —- 
17130 I 1817°0 2 I1Q29'9 2 — 
T715°1 3 18IQ‘I 3 1932°4 gees) 1932°37 
r716°r I 1822°2 5 1935'I 2 — 
7172 3 1827°I 6 1936°0 3 1935°76 
1718'0 3 1829°I I 1938'6 3 — 
1719°5 4 1830°9 © 2 1939'6 I a 
1725'5 5 1834°2 2 1942°9 2 — 
1726°9 4 1835°0 3 1944°7 3 1944°99 
1730°2 I 1837°E 3 1948°1 3 1947°O5 | 
1732'9 2 1840°6 3 1948°9 3 1949°12 
1736°3 2 1842°1 I 1952°4 4 1952°23 
1738°2 3 1845°9 4 1956'2 3 1956°28 
1739°9 6 1847°3 I 1956°6 2 se 
1742°2 5 1849°8 3 1Q58'1 2 a2 
1745°0 3 1851I°0 4 1958°8 2 a — 
1746°0 3 1852°6 4 1973°3 2 (1973°30) ? 
1748°5 2 1853°3 4 
1749°8 4 1857°3 4 

















122 THE SPECTROSCOPY OF THE EXTREME ULTRA-VIOLET 123 


| 
| 
| TABLE XIII.—CADMIUM. TABLE XV.—TIN. ie 
3 | 


Spark. Handke. 









































| | Arc. Wolff. A 
| I A I A. I | i: 
A. A. if Botmcacnr esc e e, ferwieet i) . 
HW] RECS) rma Mt Manna era cy a ea | 
| | : 3 18120 8 1Q00"4 TO 8 
1423°23 1669'29 i) 2 1819°6 I 1927°I is | ie 
| 1440°18 1682°12 i : 1825°9 2 1931°7 2 a 
| 1469°39 1683°58 2 8 1830°'0 I 1942°7 6 Be 
| 1526°85 ‘17051 3 4 1832°0 6 1952°5 : g 
 1539°83 1942'29 6 3 1854'9 I 1955°6 2 \s 
1571°40 1993°07 I 1752°I 4 1863°1 I 1961'2 y 8 
1647°78 17H8°2 4 18660 I 1971°9 = |e 
; 75 I 8 I as 
Se ee Re 1770°O 2 1879°2 3 979 | os 
| | | 1885°5 2 1934°7 : ex 
3 14 TABLE XVI.—ZINC. \8 
TABLE XIV.—COPPER. : = an Wh: 
pe We: 
Spark. Handke. | 4 le 
a Eiendie. : Handke I Handke I Eder and Valenta. We: 
{k A. A. a. : | 
mn I I A. I a eS Be 
| ie 1632°9 I 1762°9 2 1864°6 5 = 
! | ae ‘ : ee 
| 1594°2 a 8 1754°5 6 a meee ; ee d ee : = 
| 16000 I . it 1647°0 4 1774°7 I 5 
| | 7 172050 3 be 1790" I 1872'9 4 om 
16029 I 7 1760°6 4. ia 1053°2 3 79 fy : Eo 
| : ‘ he: 672°6 I791°3 3 1886°1 4 
| 10054 : : 1762°0 ) te fe f 1794°0 I 1893'2 ‘ me 
| 1607°0 I 8 1769'I 8 i $695/9 795°5 : 19026 2 cae 
| 1608°8 I 8 1771°6 4 be 27.07,0 7 wien : oan = we 
| Ae 3 z E1130 3 eae ‘ ists 7 1919'5 3 IgIg‘0 
) 1625°6 4 6 1774°4 2 173 5 3 I8I7°L 2 IQ931I°2 2 Pomiy 
| 1627°3 4 I 1775°7 0 cae IO 1825" 3 1946°5 I aa 
| 10638°4 4 ih 1779°3 5 ed 8 iiie'o 2 1953°1 2 1952°9 
1641°8 9 6 E7337 7 see 1832°0 2 1955°5 £ igh 
1651°9 7 2 1787°4 4 174%3 : oes 7 1965°3 I — 
1653'I 2 2 1792'1 3 1/90 d 1836-6 1969°9 2 1969°3 
1654°I | Gi 1798°2 5 Bioest 5 89°83 6 1982°7 3 1982°I 
1657°8 5 8 1803°0 " 1754°1 ‘ ree rash ; 1986°9 
1660°2 3 4 1805'9 2 ae 
1669'0 I 3 1817°3 I 
1669°8 8 7 I81gQ'I I 
1671°6 8 I 1821°1 I ARC. 
1674°5 7 I 1823°0 I 
1675°7 I 4 1826°1 8 
1676°4 2 7 1834°9 3 Wolff. I woe. I, 
1677°3 5 7 1836°3 I x . 
1679'0 8 8 1840'L 8 ——_—— 
_1681°2 7 Ones 18 48:9. 3 
1681'9 2 9 Paco 2 1376°37 2 Mipoiee 0 
1682°4 3 6 1857°6 4 1404°19 4 ae 97 
1684°3 7 9 1867°6 ” 1450°82 - Pooatee 4 
1686°4 6 9 1882°1 3 1457°50 8 posaes sn 
1885'0 5 1474°07 3 1649°87 5 
1476°01 2 





124 THE SPECTROSCOPY OF THE ULTRA-VIOLET 


TABLE XVIIL—LINES OF UNCERTAIN ORIGIN. Lyman. 
Vite oe ea ay aE [oS a ee 





A. Ts t/A. A. aes T/A, 
1302'0 4 76805 1550°8 

5 6448 

soe 3 76640 1561°2 3 ie 

ross | 3 | Jost | ieyeo | 3 | stoe 

ate : 74929 1656'8 4 60357 
G | 1657°8 

ee 3 ee 57 I 60321 


1 . Ci 7 
Present in metallic spark spectra in hydrogen, helium, or air. 
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APPENDIX IL. 


No better method for making the dry plates which must 
be used in the extreme ultra-violet has been discovered than 
that minutely described by Schumann in the “Annalen der 
Physik,” Vol. V, p. 349, 1901. Thereis really nothing of im- 
portance which can be added to this description. There are 
some points, however, which it may be well to emphasize. 

The three essential properties of a good plate are freedom 
from fog and streaks, high sensitiveness, and finegrain. Purity 
of material and extreme cleanliness are necessary to secure 
the first condition. The emulsion should be flowed upon 
fresh glass plates; old photographic plates, from which 
the emulsion has been removed, should not be employed. 
The gelatine itself (Nelson No. 1) should be fresh and free 
from dust. 

The sensitiveness of the plates depends primarily on the 
length of time during which the emulsion is heated and the 
temperature at which it is maintained during this heating; a 
half-hour at 60° C. is recommended by Schumann. The 
temperature at which the plates are maintained during the 
time the emulsion is settling upon them also influences the 
sensitiveness tosome degree. 18° C.is the correct temperature 
for this process. If the operation is carried on at 25° or 30°, 
the sensitiveness is somewhat increased, but the fatal fault of 
halation is introduced. 

The three desired properties of a good negative depend 
greatly on the constitution of the developer, upon its tempera- 
ture, and upon the time of development. I have tried the 
Pyrogallol-soda formula recommended by Schumann, Metol, 
Rodinol, and several other developers, but I prefer an Ortol- 
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potash developer made according to the formula of J. Hauff 
& Co. on account of its flexibility. 
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